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ABSTRACT
THE ACTIVITY OF EG5 AND DYNEIN DURING MAMMALIAN MITOSIS
SEPTEMBER 2009
NICHOLAS P. FERENZ, B.S., DICKINSON COLLEGE
Ph.D., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Patricia Wadsworth

The development and maintenance of multicellular organisms depends
fundamentally on cell division, a series of events largely mediated by the mitotic spindle.
Errors in spindle formation and/or function are often associated with severe
consequences, most notably cancer. In order to elucidate the cause of such errors and the
potential for therapeutic intervention, it is imperative to attain a clear understanding of
how cell division normally operates. In this regard, this dissertation focuses on the
activity of two microtubule-based motor proteins, Eg5 and dynein, prior to and
immediately following nuclear envelope breakdown during mitosis. I show that prophase
microtubules are remarkably more dynamic than their metaphase counterparts, moving
both toward and away from centrosomes across a wide distribution of rates. Inhibition of
Eg5, dynein and Kif2a revealed that a subset of this motion is consistent with
microtubule flux, a well-established phenomenon temporally limited to metaphase and
anaphase spindles by the preceding literature. My data indicates that flux is operational
throughout all of mitosis, possibly functioning at early stages to collect centrosomal
components. Immediately following prophase, cells begin assembling bipolar spindles.
While the establishment of spindle bipolarity fails in the physical or functional absence of

vi

Eg5, I show that co-inhibition of dynein restores a cell’s ability to organize microtubules
into a bipolar structure. Despite inhibition of both Eg5 and dynein, these spindles are
morphologically and functionally equivalent to controls. Together, these data suggest
that Eg5 and dynein share an antagonistic relationship and that a balance of forces, rather
than a definitive set of players, is important for spindle assembly and function. To
determine how Eg5- and dynein-mediated forces functionally coordinate to bring about
antagonism during spindle assembly, I utilize a nocodazole washout assay. I show, via in
vivo imaging and in silico modeling, that spindle collapse in the absence of functional
Eg5 requires dynein activity and an initial intercentrosomal distance of less than 5.5µm.
These data are consistent with a model in which dynein antagonizes Eg5 by crosslinking
and sliding antiparallel microtubules, a novel role for dynein within the framework of
spindle assembly.
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CHAPTER 1

INTRODUCTION

Mitotic Spindle Ultrastructure: Microtubules and Tubulin
By the early 1900s, the presence of the mitotic spindle and its assumed role in
chromosome motion had been roughly detailed by fixed cell analyses (reviewed in Rieder
and Khodjakov, 2003). Subsequent advances in light microscopy extended these
observations to live cells (Inoué, 1953; Bajer and Allen, 1966), thereby validating both
the existence and activity of the spindle. Though the inherent resolution limit of light
microscopy precluded the extraction of structural information from these studies, electron
microscopic images of diverse cells revealed that mitotic and meiotic spindles were
composed of fibrilar structures, ~150-300Å in diameter (Ruthmann, 1959; Odor and
Renninger, 1960; Harris, 1961; Roth and Daniels, 1962). With the advent of
glutaraldehyde, whose ability to preserve cellular ultrastructure outperformed alternative
fixatives, these fibrilar structures (named microtubules) were demonstrated to be hollow
cylinders, composed of 13 laterally associated protofilaments (Ledbetter and Porter,
1963; Pease, 1963; Ledbetter and Porter, 1964).
Nearly 75 years earlier, the plant alkaloid colchicine had been identified as an
antimitotic agent (reviewed in Eigsti et al., 1949), with the ability to disrupt the mitotic
spindle (Inoué, 1952). Using radiolabeled colchicine, this small molecule was shown to
bind a soluble macromolecule present in cells and tissues naturally enriched with
microtubules (Borisy and Taylor, 1967a) and to associate with a soluble fraction of
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mitotic extracts (Borisy and Taylor, 1967b). Together, these data suggested that the
colchicine binding partner (named tubulin) was the microtubule subunit (Mohri, 1968).
In the following years, electrophoretic studies of purified tubulin demonstrated that it was
a heterodimer composed of α and β monomers (Renaud et al., 1968; Bibring and
Baxandall, 1971; Bryan and Wilson, 1971; Feit et al., 1971). Because tubulin
heterodimers associate head-to-tail within protofilaments (Amos and Klug, 1974), the
ends of microtubules are chemically distinct: one end (the minus end) has exposed α
subunits, while the other end (the plus end) has exposed β subunits (Borisy, 1978;
Mitchison, 1993). This structural polarity, inherent to microtubules, is amplified within
the spindle itself, as microtubule minus ends localize to centrosomes (Heidemann and
McIntosh, 1980) and plus ends radiate outward (Euteneuer and McIntosh, 1981).

Dynamic Instability and Spindle Assembly
Tubulin heterodimers contain two sites capable of binding guanine nucleotides
(Weisenberg et al, 1968). At one site (the E-site, located on β-tubulin), GTP is freely
exchangeable, while at the other (the N-site, located on α-tubulin), it is not (Weisenberg
et al, 1968; Jacobs et al., 1974; Weisenberg et al, 1976). Upon addition to microtubules,
E-site GTP within assembling subunits is hydrolyzed to, and maintained as GDP, while
N-site GTP remains in its triphosphate form (Kobayashi, 1975; Weisenberg et al, 1976;
Spiegelman et al, 1977). Under conditions where polymerization is kinetically favorable
(i.e., high tubulin concentrations), the rate of GTP hydrolysis lags behind the rate of
subunit addition, leaving growing microtubule plus ends with a cap of unhydrolyzed Esite GTP (Carlier and Pantaloni, 1981). Conversely, when subunit addition slows (i.e.,
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when fewer tubulin heterodimers are available for polymerization), the GTP cap
consequently decreases in size or disappears completely (Mitchison and Kirschner,
1984b). Because microtubules are stable in their GTP-capped state, but depolymerize
when GDP subunits are exposed, a population of microtubules will contain both growing
and shrinking polymer, a phenomenon known as dynamic instability (Mitchison and
Kirschner, 1984a; Mitchison and Kirschner, 1984b).
Given that microtubules are dynamically unstable, and that mitotic microtubules
turnover more rapidly than interphase microtubules (Saxton et al., 1984), it was initially
proposed that spindle assembly proceeds through a search-and-capture mechanism
whereby microtubules (nucleated by centrosomes) continually probe the cell in a
stochastic fashion until they become selectively stabilized, for example, through
associations with kinetochores (Kirschner and Mitchison, 1986). Importantly, however,
the timescale required for this search-and-capture model to assemble a spindle in silico
could not be reconciled with the timescale observed in vivo, unless a microtubulestabilizing gradient was included around chromatin (Wollman et al., 2005). This stability
bias becomes possible if spindle assembly is assumed to proceed via a modified searchand-capture mechanism in which dynamically unstable microtubules search not just for
unattached kinetochores, but also for microtubules nucleated by kinetochores (Khodjakov
et al., 2003; reviewed in Wadsworth and Khodjakov, 2004). In this way, the effective
target for centrosomal microtubules becomes larger (Wollman et al., 2005; Tulu et al.,
2006), thereby endowing chromatin with a higher capacity for microtubule stabilization.
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Molecular Motors: Dynein and Eg5
While microtubule dynamics are crucial to spindle assembly, dynamics alone are
not sufficient to build an operative spindle; doing so requires an array of structural,
regulatory, and in particular, motor proteins. Two such motors, dynein and Eg5, are of
distinct interest due to the former’s involvement in asymmetric cell division and the
latter’s potential as an anticancer therapeutic target (reviewed in Knight and Parrish,
2008; Siller and Doe, 2009).
Dynein, the first motor to be identified, was initially characterized as an ATPase
from protozoan cilia (Gibbons and Rowe, 1965) and was subsequently isolated as a
cytoplasmic species from mammalian brain tissue (Paschal et al., 1987). Cytoplasmic
dynein (hereafter, dynein), whose presence has been established in a variety of
eukaryotes (Wickstead and Gull, 2007), is an ~1.4MDa protein complex composed of
heavy, intermediate, light intermediate and light chains (reviewed in Pfister et al., 2006).
Immunofluorescently, this motor localizes to mammalian centrosomes, kinetochores and
spindle fibers (Pfarr et al., 1990; Steuer et al., 1990) and is capable of rapid (~75µm/min)
minus end-directed microtubule-based transport in vitro (Paschal and Vallee, 1987;
Paschal et al., 1987), although transport within spindles (~6µm/min) is substantially
slower (Heald et al., 1996; Rusan et al., 2002). During mitosis, dynein has been shown to
be involved in breaking down the nuclear envelope (Beaudouin et al., 2002; Salina et al.,
2002), separating centrosomes (Vaisberg et al., 1993; Gönczy et al., 1999; Ma et al.,
1999; Robinson et al., 1999; Tanenbaum et al., 2008), incorporating noncentrosomal
microtubules into the forming spindle (Heald et al., 1996; Rusan et al., 2002; Tulu et al.,
2003), focusing spindle poles (Verde et al., 1991; Gaglio et al., 1996), positioning the
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spindle (McGrail and Hays, 1997; Gönczy et al., 1999; Adames and Cooper, 2000;
O’Connell and Wang, 2000), removing checkpoint proteins from kinetochores (Howell et
al., 2001), and segregating chromosomes (Sharp et al., 2000; Howell et al., 2001; Yang et
al., 2007b). Given this multifaceted role, it is not surprising that dynein is an essential
gene in metazoans (Gepner et al., 1996; Harada et al., 1998).
In contrast to the minus end directionality of dynein, many motor proteins (which
belong to the kinesin superfamily of motors) exhibit plus end-directed microtubule-based
motility (reviewed in Miki et al., 2005). One such motor, Eg5, was originally identified
through temperature-sensitive fungal library screens in search of strains that were
defective in cellular division at the restrictive temperature (Morris, 1976; Enos and
Morris, 1990; Hagan and Yanagida, 1990). Eg5 orthologs have subsequently been
confirmed in a diverse range of model systems (Le Guellec et al., 1991; Hoyt et al., 1992;
Roof et al., 1992; Heck et al., 1993; Blangy et al., 1995) and the protein has been
localized to mammalian centrosomes and spindle microtubules (Blangy et al., 1995).
Structurally, the Eg5 polypeptide consists of an N-terminal head domain (which contains
the motor), an internal stalk domain (capable of forming coiled coils) and a C-terminal
tail domain (Le Guellec et al., 1991). Four of these ~125kDa Eg5 monomers associate to
form a homotetrameric complex with motor domains positioned at each end of the
tetramer’s long axis (Blangy et al., 1995; Kashina et al., 1996). Such an arrangement
allows Eg5 to crosslink and slide apart antiparallel microtubules (i.e., microtubules
arranged parallel to one another, but with their plus ends pointing in opposite directions)
at 2-3µm/min (Sharp et al., 1999a; Kapitein et al., 2005; van den Wildenberg et al.,
2008). Because Eg5 inhibition leads to monopolar spindles (Enos and Morris, 1990;
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Hagan and Yanagida, 1990; Hoyt et al., 1992; Roof et al., 1992; Sawin et al, 1992; Heck
et al., 1993; Blangy et al, 1995), this antiparallel sliding activity has been linked to
centrosome separation and the establishment of spindle bipolarity.

Motor Protein Antagonism
Despite the monopolar spindles known to arise in cells lacking Eg5 activity,
bipolar spindles are capable of forming if the absence of Eg5 (physical or functional) is
appropriately compensated for. For example, the centrosome separation defect associated
with loss or inhibition of Eg5 can be rescued through loss or inhibition of either the
minus end-directed motor HSET (Saunders and Hoyt, 1992; O’Connell et al, 1993;
Pidoux et al., 1996; Mountain et al., 1999; Sharp et al., 1999b) or dynein (Gaglio et al.,
1996; Mitchison et al., 2005; Tanenbaum et al., 2008). Because of the antagonistic
nature of these motor pairs (i.e., plus end-directed versus minus end-directed), and the
occurrence of antagonism from yeast to human, it appears that a balance of forces (rather
than an absolute list of components) is universally required for effective spindle
assembly. In support of this, additional motor proteins (e.g., Kif2a, Kif2b and MCAK)
have been shown to participate in antagonistic relationships required for the
establishment of spindle bipolarity (Ganem and Compton, 2004; Laycock et al., 2006;
Manning et al., 2007; Matos et al., 2009).

Microtubule Flux
In addition to the large-scale events mediated by dynein, Eg5 and other motor
proteins, many motors are also involved in more subtle mitotic events including
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microtubule flux, the poleward-directed transport of tubulin subunits through the
microtubule lattice (Mitchison, 1989). This motion, observable only when a fiduciary
mark is present on the spindle, is the consequence of polymerization at microtubule plus
ends coupled to disassembly at microtubule minus ends. With the exception of yeast
(Maddox et al., 2000), poleward flux has been observed in all eukaryotic systems
examined to date (at rates between 0.5µm/min and 3.0µm/min) during both metaphase
and anaphase (Mitchison, 1989; Sawin and Mitchison, 1991; Mitchison and Salmon,
1992; Zhai et al., 1995; Desai et al., 1998; Maddox et al., 2002; LaFountain et al., 2004;
Dhonukshe et al., 2006). Though inhibition of flux in human tissue culture cells does not
prevent mitotic progression, it does drastically increase the number of lagging anaphase
chromosomes (Ganem et al., 2005). This is consistent with the known relationship
between poleward flux and anaphase chromosome-to-pole motion (Zhai et al., 1995;
Rogers et al., 2005) and more recent data indicating that flux is responsible for the
temporal synchrony of chromosome segregation (Matos et al., 2009). In human cells,
flux may additionally make a contribution to centrosome separation (Toso et al., 2009).
Mechanistically, flux involves the activity of at least three proteins: CLASP (a
microtubule plus end polymerase), Kif2a (a microtubule minus end depolymerizing
motor that lacks inherent motility) and Eg5 (Desai et al., 1999; Gaetz and Kapoor, 2004;
Miyamoto et al., 2004; Rogers et al., 2004; Shirasu-Hiza et al., 2004; Ganem et al., 2005;
Maiato et al., 2005; Cameron et al., 2006). Because centrosomes appear to be the site of
force generation in animal cells (Waters et al., 1996), flux has been likened to a
feeder/chipper, whereby Eg5, anchored at centrosomes, pulls microtubule minus ends
into the Kif2a depolymerase (Cassimeris, 2004; reviewed in Gadde and Heald, 2004).
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CHAPTER 2

PROPHASE MICROTUBULE FLUX

Introduction
Despite the extensive work concerning the occurrence and mechanics of poleward
microtubule flux, all studies to date have been temporally limited to metaphase and
anaphase. Since flux is a mitosis-specific event (i.e., it does not occur during interphase)
(Zhai et al., 1995), it remains to be determined when flux begins. Given that Eg5 and
Kif2a (two motors involved with the flux mechanism) are appropriately positioned at
spindle poles prior to nuclear envelope breakdown (NEB) and that microtubule flux does
not appear to depend on antiparallel microtubule sliding (Cameron et al., 2006), I
hypothesize that flux initiates during prophase. To test this, I have utilized an LLC-Pk1
cell line expressing a photoactivatable variant of GFP tagged to tubulin in order to
examine microtubule behavior in pre-NEB cells. These results demonstrate that
microtubules in prophase cells are unexpectedly dynamic and that a subpopulation of
these microtubules shows motion that is consistent with poleward flux.
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Results
Metaphase Flux in LLC-Pk1-PAα Cells
In order to determine if microtubules undergo flux during prophase, flux was first
characterized in metaphase LLC-Pk1 cells. To do this, a permanent cell line expressing
photoactivatable GFP-tubulin (hereafter LLC-Pk1-PAα) was employed (Patterson and
Lippincott-Schwartz, 2002; Tulu et al., 2003). Metaphase cells were photoactivated and
time-lapse sequences of the resulting fluorescent marks were acquired (72 marks in 20
cells; Figure 2.1A). The location of each centrosome was identified from a Z-stack
obtained after the entire cell was photoactivated, and each clear mark was assigned a rate
and directionality, scored as either toward (P) or away from (AP) the spindle poles (see
Materials and Methods).
In metaphase cells, photoactivated marks on spindle microtubules moved
poleward between 0.50µm/min and 2.24µm/min, with an average rate of 1.37 ±
0.47µm/min (Figure 2.1B; Table 2.1). AP motion was not detected. Although published
rates of flux in LLC-Pk1 cells are significantly lower than the rate reported here
(Mitchison, 1989; Zhai et al., 1995), those measurements were based on data collected at
30°C. Indeed, when photoactivations were performed at this reduced temperature, the
average rate of metaphase flux decreased to 0.75 ± 0.18µm/min (21 marks in 8 cells), a
value more in line with the literature. Furthermore, despite the substantial difference
between the rates of chromosomal oscillations in the spindle center (1.96µm/min) and
periphery (1.45µm/min), flux rates were identical regardless of location, consistent with
recent observations in PtK1 cells (Cameron et al., 2006).
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Prophase Microtubule Motion is Extremely Variable
Next, photoactivations were performed prior to NEB to examine microtubule
behavior during early mitosis (101 marks in 20 cells; Figure 2.1A). In most prophase
cells, the data revealed a surprisingly wide distribution of rates (0.50µm/min –
4.49µm/min) and the co-occupancy of nearly each populated range with both
directionalities of motion (Figure 2.1B). ~61% of this motion was P and ~39% was AP
(Table 2.2). This distribution did not appear to depend on the location of the
photoactivation, as activations gave similar results regardless of the distance from the
centrosomes. In very early prophase cells with little chromatin condensation, however,
photoactivated marks were static, indicating that the onset of microtubule motion is
abrupt and takes place between mid and late prophase.
In order to establish a link between my prophase data and the earliest mitotic
stage at which flux is known to occur (i.e., late prometaphase cells with nearly all
chromosomes aligned at the metaphase plate), photoactivations were also performed
during early prometaphase (i.e., post-NEB cells with numerous unaligned chromosomes)
(68 marks in 20 cells; Figure 2.1A). In such cells, the distribution of rates was similar to
that seen during prophase (0.50µm/min – 3.49µm/min), although AP motion was
practically undetectable (Figure 2.1B). ~99% of all early prometaphase motion was P
and ~1% was AP (Table 2.2).
In each of the above cases, a subpopulation of photoactivated marks could be seen
moving poleward at rates consistent with metaphase flux (0.50µm/min – 2.24µm/min).
To directly analyze this subset, motion was classified not only as P or AP, but also as
slow (rates within the metaphase flux range) or fast (rates beyond the metaphase flux
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range). Using these criteria, the average rates of slow P (i.e., flux-like) motion in
prophase (1.34 ± 0.45µm/min) and early prometaphase (1.52 ± 0.45µm/min) cells were
not significantly different from the metaphase flux value (Table 2.1). I therefore
hypothesized that early mitotic slow P motion represented flux.

Flux-Like Motion is Dynein-Independent
Small molecule, dominant negative and RNAi inhibition experiments have
established flux as a dynein-independent event (Sawin and Mitchison, 1991; Miyamoto et
al., 2004; Maiato et al., 2005; Cameron et al., 2006). In contrast, rapid inward motion
(i.e., sliding) of peripheral microtubules has been shown to depend on dynein (Heald et
al., 1996; Rusan et al, 2002). I predicted that if the slow P component of early mitotic
motion corresponded to flux, it too would be dynein-independent. To test this, LLC-Pk1PAα cells were microinjected prior to photoactivation with p150-CC1 (55 marks in 12
prophase cells; 33 marks in 9 prometaphase cells; Figure 2.2A), a protein fragment that
binds dynein intermediate chain and disrupts dynein/dynactin interactions (Quintyne et
al., 1999; Gaetz and Kapoor, 2004). Importantly, I found that, as in Ptk1 cells, p150-CC1
does not mislocalize Kif2a in LLC-Pk1 cells as it does in Xenopus egg extracts (Gaetz
and Kapoor, 2004; Cameron et al., 2006). Moreover, p150-CC1 does not disrupt
centrosome integrity during the experimental time course.
As predicted, slow P motion in prophase (1.24 ± 0.46µm/min), early
prometaphase (1.32 ± 0.46µm/min) and metaphase (1.22 ± 0.36µm/min) cells was
unaffected by dynein inhibition. Average rates were not significantly different from the
control value (Table 2.1) and there was no noticeable change in the frequency of this
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motion (Table 2.2). In contrast, microinjection of p150-CC1 essentially abolished all fast
motion, both toward and away from the poles, during prophase and early prometaphase
(Figure 2.2B). In control prophase cells, ~20% of all motion was fast and this was
decreased to ~5% after microinjection (Table 2.2). In control early prometaphase cells,
~16% of all motion was fast and this was decreased to ~3% after microinjection (Table
2.2). The residual fast motion may result from incomplete inhibition of dynein or may be
the consequence of other motors that generate rapid movement (DeLuca et al., 2001).
Consistent with previous reports (Salina et al., 2002), NEB was delayed in microinjected
cells. These data demonstrate that fast P and AP motion is dynein-dependent and support
a model in which microtubules can be the cargo of cytoplasmic dynein (Heald et al.,
1996; Rusan et al., 2002; reviewed in Wadsworth and Khodjakov, 2004). Additionally,
the insensitivity of slow P motion to dynein inhibition is consistent with flux; however, it
does not exclude dynein-independent sliding as the underlying basis for such motion.

Kinesin-13 Inhibition Decreases the Rate of Flux-Like Motion
Experiments in mammalian tissue culture cells, Drosophila embryos, and
Xenopus egg extracts have demonstrated that members of the kinesin-13 family
contribute to poleward flux (Gaetz and Kapoor, 2004; Rogers et al., 2004; Ganem et al.,
2005). Accordingly, I predicted that the rate of slow P motion would be sensitive to
inhibition of Kif2a, a mammalian kinesin-13. To test this, the strategy of Ganem et al.
(2005) was followed by microinjecting a mixture of Kif2a and MCAK antibodies prior to
photoactivation (30 marks in 8 prophase cells; 27 marks in 9 prometaphase cells; Figure
2.3A). Such microinjections resulted in extensive astral microtubule formation and
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kinetochore fiber buckling, demonstrating that the antibodies alter microtubule dynamics
in LLC-Pk1-PAα cells (Figure 2.3B).
As anticipated, the average rates of prophase (1.02 ± 0.28µm/min), early
prometaphase (1.01 ± 0.30µm/min) and metaphase (1.17 ± 0.29µm/min) slow P motion
were significantly reduced from the control value (Table 2.1). The overall distribution of
rates, however, remained unaltered in prophase cells and was only slightly modified in
early prometaphase cells (Figure 2.3C). These data demonstrate that prophase and early
prometaphase slow P motion is affected in an identical manner as metaphase flux.
Double label immunofluorescence further shows that Kif2a localizes to centrosomes
during prophase and spindle poles following NEB in LLC-Pk1-PAα cells, and that
numerous microtubules terminate at the centrosome (Figure 2.4). These observations, in
addition to the well established minus end depolymerizing activity of Kif2a (Desai et al.,
1999), suggest that slow poleward motion in prophase cells corresponds to flux.

Eg5 Inhibition Decreases the Frequency of Flux-Like Motion during Prophase
Evidence from Xenopus and mammalian systems has indicated the involvement of
Eg5 in flux (Miyamoto et al., 2004; Shirasu-Hiza et al., 2004; Cameron et al., 2006). For
this reason, I predicted that the rate of slow P motion would be reduced following
inhibition of Eg5. To test this, Eg5 activity was inhibited using the small molecule
monastrol (Mayer et al., 1999), and cells were photoactivated in the continued presence
of the inhibitor (42 marks in 10 prophase cells; Figure 2.5A). Prophase cells were
imaged through NEB to ensure the formation of monopolar spindles, the hallmark of Eg5
inhibition (Figure 2.5B).
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Unexpectedly, the rate of slow P motion during prophase (1.41 ± 0.33µm/min)
was not different from the control value (Table 2.1); however, the frequency of this
particular motion was strongly decreased from ~54% in controls to ~12% (Table 2.2). In
fact, across the full range of rates, which was indistinguishable from the untreated
prophase range, the proportion of P and AP motion was significantly shifted (Figure
2.5C). ~14% of all motion was P (compared to ~61% in controls) and ~86% was AP
(compared to ~39% in controls) (Table 2.2). Importantly, both the decrease in P motion
and the increase in AP motion represent true shifts; neither are artificial consequences of
changes in the opposing directionality (Table 2.2). These data reveal that, during
prophase, Eg5 activity is required to generate slow P motion and maintain a balance
between P and AP motion. Because Eg5 is highly concentrated at centrosomes during
prophase (Figure 2.4A), these results favor a model where Eg5 functions at least in part
to reel in microtubules at spindle poles (Cassimeris, 2004; reviewed in Gadde and Heald,
2004), thus accounting for the decreased frequency of flux-like motion.

Eg5 Inhibition Decreases the Rate of Flux-Like Motion following NEB
Lastly, I examined microtubule behavior in monastrol treated LLC-Pk1-PAα cells
that had undergone NEB and formed monopolar spindles (31 marks in 11 prometaphase
cells; Figure 2.5A). In 11 of 14 monopoles examined, I found that photoactivated marks
moved exclusively in the P direction, confirming that flux occurs in monopolar spindles
(Cameron et al., 2006), across a range of rates slightly reduced from controls (Figure
2.5C). In the remaining three cells, no motion was detected. Unlike prophase cells, the
average rate of slow P motion in monopoles (1.06 ± 0.42µm/min) was significantly
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reduced compared to the control value (Table 2.1). Likewise, the rate of slow P motion
in monastrol treated bipolar spindles that resisted collapse (0.95 ± 0.18µm/min) was also
significantly reduced (Table 2.1). These data agree with previous reports examining the
response of flux to monastrol treatment (Cameron et al., 2006) and again favor a
feeder/chipper model (Cassimeris, 2004; reviewed in Gadde and Heald, 2004) as Eg5
concentrates at spindle poles during both early prometaphase and metaphase (Figure
2.4A). The presence of additional factors aiding Eg5 in the task of delivering
microtubules to the depolymerase may explain why post-NEB cells do not display a
decrease in the frequency of flux-like motion.
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Discussion
The results of these experiments demonstrate that microtubules in prophase cells
are remarkably dynamic, undergoing motion toward and away from centrosomes at
variable rates, and that a subset of this motion is comparable to metaphase flux. These
data raise two important and related questions: does slow P motion in prophase cells
correspond to flux, and what accounts for the variation in rate and directionality of
prophase microtubule motion?

Does Slow P Motion Correspond to Flux?
The observation that slow P motion during prophase and early prometaphase
shows identical sensitivity to antibody mediated inhibition of kinesin-13 proteins as slow
P motion (i.e., flux) during metaphase provides strong evidence that these motions are
driven by the same, or a very similar, molecular mechanism. Alternative explanations for
slow P motion, such as microtubule-microtubule or microtubule-spindle matrix sliding
via molecular motors, are inconsistent with the kinesin-13 inhibition data, as such
mechanisms would not be sensitive to inhibition of a depolymerase. Additionally, the
behavior of motile marks in prophase cells cannot result from microtubule treadmilling or
centrosome separation, because marks on treadmilling microtubules would remain
stationary (Rodionov and Borisy, 1997), and centrosome motion is insufficient to account
for the observed motility (Figure 2.6).
The argument for flux based on the kinesin-13 inhibition effect rests heavily on
the assumption that microtubule minus ends localize to centrosomes, where they can
engage with the Kif2a depolymerase. Although the location of minus ends in mammalian
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prophase arrays is unknown, the distribution of microtubules in deconvolved images of
fixed cells shows that some minus ends appear to localize at centrosomes (Figure 2.4B).
Importantly, recent work in Xenopus egg extracts has suggested that microtubule minus
ends in metaphase cells are not restricted to spindle poles, and instead are distributed
throughout the spindle length (Burbank et al., 2006). One consequence of this
cytoskeletal organization is that flux can proceed with only a subset of microtubule minus
ends located at the spindle pole, a finding relevant to microtubule behavior in prophase
arrays.
While a definitive demonstration that microtubules in prophase cells undergo flux
requires simultaneous imaging of a photoactivated mark on the microtubule lattice and
visualization of the minus end of that microtubule, an experiment not presently possible
due to the density of microtubules in mammalian prophase arrays, the response of slow P
motion to inhibition of dynein and kinesin-13 proteins, as well as the above arguments,
strongly support the hypothesis that early mitotic slow P motion represents flux. What
then could be the role of such a phenomenon? A number of centrosomal components are
known to redistribute from, for instance, the cytoplasm to centrosomes during prophase
(Sager et al., 1986; Buendia et al., 1990). In these cases, prophase flux could serve as a
recruitment mechanism. In a similar manner, flux could also serve as a back up or
complementary mechanism to dynein-dependent sliding of peripheral microtubules into
the forming spindle (Rusan et al., 2002).
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What Accounts for the Variation of Prophase Microtubule Motion?
A major conclusion of the analysis of microtubule behavior is that there is a
marked reduction in the variability of rates and directionalities from prophase (where
slow and fast, P and AP motion is detectable), to early prometaphase (where slow and
fast AP motion essentially disappears), to metaphase (where only slow P motion
remains). I propose that the reduction in microtubule motion results not from changes in
the active/inactive state of mitotic motors, but from progressive changes in microtubule
organization during spindle formation. This possibility is supported by the fact that
mitotic motors are activated as cells enter mitosis and Cdk1 activity rises, and are thought
to remain active until exit from mitosis (Verde et al., 1990; Verde et al., 1991; Blangy et
al., 1997). Microtubule dynamics are similarly activated at entry into mitosis (Verde et
al., 1990; Verde et al., 1992). Thus, the suppression of microtubule motion is likely to
result from the progressive establishment of interactions between microtubules and
spindle components (i.e., centrosomes and kinetochores) as well as from microtubulemicrotubule interactions.
The clearest support for this possibility is the loss of fast microtubule motion as
cells progress through mitosis. These results demonstrate that fast motion is dyneindependent, yet substantial evidence supports the view that dynein remains active
throughout mitosis. It is possible that only free, untethered microtubules (defined here as
microtubules that are not linked, or weakly linked, to other microtubules, spindle poles or
kinetochores) undergo fast motion. In support of this, exogenous microtubule pieces
added to asters in Xenopus extracts move rapidly poleward in a dynein-dependent
fashion, presumably because they are not tethered to spindle components (Heald et al.,
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1997). As mitosis progresses, free microtubules that are moved poleward by dynein
could become tethered to the spindle pole by dynein/NuMA/dynactin complexes (Merdes
et al., 1996). Conversely, microtubules that are moved away from the poles may undergo
catastrophe and rapid disassembly in the peripheral cytoplasm (Rusan et al., 2001).
Progressive changes in microtubule organization may also account for the
differential response of pre- and post-NEB cells to Eg5 inhibition. These data support the
possibility that Eg5 functions as both a feeder, delivering microtubules to the kinesin-13
depolymerase (Cassimeris, 2004; reviewed in Gadde and Heald, 2004), and a tether,
crosslinking neighboring microtubules (Kapitein et al., 2005). During prophase, other
molecular components that would normally contribute to tethering may be unable to.
NuMA, for example, plays a major role in organizing spindle poles (Merdes et al., 1996),
but is nuclear, and therefore unavailable, in prophase cells (Compton et al., 1992). If Eg5
acts as the dominant tether during prophase, then monastrol treatment could result in
microtubules becoming untethered, leading to the observed increase in the frequency of
AP motion, as antagonistic motors can slide free microtubules. Importantly, while it is
recognized that monastrol treatment does not disrupt Eg5-microtubule interactions
(Kapoor et al., 2000), Eg5-bound microtubules are capable of sliding in the presence of
monastrol (Crevel et al., 2004). Following NEB, proteins other than Eg5 (e.g., NuMA)
may tether spindle microtubules and Eg5 inhibition would not result in AP motion
because these microtubules would remain tethered. Furthermore, Eg5 inhibition may
limit the rate of flux-like motion in post-NEB, but not prophase cells, because its activity
could be required to overcome antagonistic forces that oppose slow P motion (Sharp et
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al., 2000); such forces could come about, for example, through antiparallel microtubule
crosslinks, of which there are few in prophase.
Considering the increasing degree of coordination of microtubule motion from
prophase to metaphase, it is an interesting possibility that the flux machinery is
operational throughout all of mitosis and only becomes obviously apparent when other
motion has been suppressed or eliminated, as the spindle matures.
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Materials and Methods
Materials
All materials for cell culture were obtained from Sigma-Aldrich (St. Louis, MO)
with the exception of Opti-MEM, which was obtained from Invitrogen (Carlsbad, CA)
and fetal bovine serum, which was obtained from Atlanta Biologicals (Norcross, GA).
Unless otherwise noted, all other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO).

Cell Culture
Parental LLC-Pk1 cells, as well as LLC-Pk1 cells expressing either PA-GFPtubulin or GFP-EB1 were cultured as previously described (Rusan et al., 2001; Tulu et
al., 2003). Cells were plated on glass coverslips (Corning Inc. Life Sciences, Acton, MA)
2 days prior to imaging. For live imaging, cells were mounted in chambers containing
non-CO2 MEM supplemented with 0.3U/mL Oxyrase (EC Oxyrase, Oxyrase Inc.,
Mansfield, OH) and were maintained at ~37ºC.

Inhibitors
p150-CC1, a gift of Dr. T. Kapoor (The Rockefeller University, New York, NY),
was prepared according to protocol (King et al., 2003) and, following dilution with
microinjection buffer (50nM K-Glu, 1mM MgCl2, pH 7.0), was microinjected at 15µM
(needle concentration). Monastrol was used at 100µM. Kif2a and MCAK antibodies,
kind gifts of Drs. D. Compton (Dartmouth Medical School, Hanover, NH) and C.
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Walczak (Indiana University, Bloomington, IA), respectively, were combined 1:1 at full
strength and microinjected.

Microinjection
Microinjection was performed on a Nikon Eclipse TE 300 inverted microscope
using either a 60x or 100x phase objective lens and a PV820 Pneumatic PicoPump
(World Precision Instruments, Sarasota, FL). Needles were pulled from Omega Dot
capillary glass tubes (Friedrich and Dimmock, Inc., Millville, NJ) on a Brown-Flaming P80 micropipette puller (Sutter Instrument, Co., Novato, CA).

Immunofluorescence
Cells were rinsed twice in calcium- and magnesium- free phosphate buffered
saline (PBS-/-), fixed in either glutaraldehyde (0.25% glutaraldehyde in PBS-/-) or
paraglutaraldehyde (3.7% paraformaldehyde, 0.1% glutaraldehyde, 0.5% Triton X-100 in
PBS-/-) and rehydrated in PBS containing 0.1% Tween and 0.02% sodium azide. The
following primary antibodies were used in these experiments: YL½ (Accurate Chemical,
Westbury, NY) used at 1:2; anti-Eg5, a gift of Dr. D. Compton (Dartmouth Medical
School, Hanover, NH) used at 1:200; and anti-Kif2a (Novus Biologicals, Littleton, CO)
used at 1:10,000. Incubations with primary antibodies were performed overnight at room
temperature or for 1hr at 37ºC. Cy3- (Jackson ImmunoResearch Laboratories, West
Grove, PA) or FITC-labeled (Sigma-Aldrich, St. Louis, MO) secondary antibodies were
used at the recommended dilution for 30min or 90min at room temperature, respectively.
DNA was visualized with 4’-6-diamidino-2-phenylindole, used at 1:300. Coverslips
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were mounted in Vectashield (Vector Laboratories, Burlingame, CA) and sealed with nail
polish.

Image Acquisition
Images were acquired using a Nikon Eclipse TE 300 inverted microscope
equipped with a 100X phase, NA 1.4 objective lens, a spinning disk confocal scan head
(Perkin Elmer, Wellesley, MA) and a Hamamatsu Orca ER cooled CCD camera
(Hamamatsu, Bridgewater, NJ). All images were taken with a single wavelength (488)
filter cube. Image acquisition was controlled by Metamorph software (Molecular
Devices, Downingtown, PA). Time-lapse sequences were acquired at 5sec intervals
using an exposure time of 800msec. Z-stacks were acquired at 0.2µm steps using an
exposure time of 800msec. Images of fixed cells were acquired by capturing optical
sections every 0.2µm using exposure times of 400-600msec (at 488nm) and 600-800msec
(at 568nm). Deconvolved images were acquired using AutoDeblur & AutoVisualize
software, version 9.3.6 (AutoQuant Imaging Inc., Watervliet, NY).
For photoactivation experiments, cells were photoactivated (under the nucleus
during prophase and along spindle fibers post-NEB) by a 5sec exposure to 413nm light
using an X-Cite 120 light source (EXFO America Inc., Plano, TX) and a D405/20 filter
cube (Chroma Tech. Corp., Rockingham, VT). The area of photoactivation was
restricted using a slit (Lennox Laser, Glen Arm, MD) mounted in a Ludl filter wheel
placed in a conjugate image plane in the epi-illumination light path. To activate the
entire field of view, an open position in the filter wheel was selected. Following
photoactivation, confocal image acquisition proceeded as described above. Images were
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acquired ~1-10min after p150-CC1 microinjection, ~5-15min after Kif2a/MCAK
microinjection and ~1-3.5hrs after monastrol treatment.

Data Analysis
Immediately following each time-lapse sequence, the entire cell was
photoactivated, and a Z-stack was acquired to determine the location of each centrosome.
Frequently, centrosomes (or spindle poles, depending on the mitotic stage) in early
mitotic cells were located in different focal planes. However, because the relative
location of the initial photoactivated region could be compared in X, Y and Z to the fully
photoactivated Z-stack, photoactivated marks could be determined to be associated with
microtubules of a particular centrosome. With a single centrosome as a reference point,
motion could be categorized as toward that particular centrosome, not away from the
other (and vice versa). To calculate rates of motion, a rectangular box, typically 11 pixels
in height (defined as the dimension perpendicular to the long axis of the photoactivated
mark), was placed around a fluorescent mark of interest. The dimensions of the box were
selected so that, during the time-lapse, the mark of interest remained within the defined
region. Montages were created for each boxed region and rates were extrapolated from
the montage’s slope. All data were plotted using Microsoft Excel. All statistics were
analyzed using a Student’s t-test.
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Figure 2.1. Microtubule motion from prophase to metaphase. (A) Microtubules were
photoactivated during prophase, early prometaphase and metaphase. In metaphase cells,
photoactivated microtubules flux toward the left pole. During early prometaphase and
prophase, an increasing variety of motion is present, directed either toward or away from
spindle poles. The initial, post-activation image is 0:00. Phase contrast images prior to
photoactivation are displayed as insets. Yellow bars serve as fiduciary marks against
which movement can be visualized; large asterisks mark spindle poles that are in the
same optical plane as the fluorescent marks while small asterisks mark spindle poles that
25

are not. Time points are in min:sec. (B) The percent of total motion (the number of
photoactivated marks analyzed for a given rate, directionality and mitotic stage divided
by the total number of photoactivated marks analyzed for that same mitotic stage) is
plotted against rates. Solid bars denote P motion; hatched bars denote AP motion. The
dashed vertical line divides slow and fast motion. Bar = 10µm.
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Figure 2.2. Dynein is not required for flux-like motion. (A) Prophase and early
prometaphase cells were photoactivated following p150-CC1 microinjection. Slow
motion persists in the functional absence of dynein. These cells were microinjected
~5min (prophase) and ~11min (early prometaphase) prior to photoactivation. Layout is
as in Figure 2.1. (B) Percent of total motion plotted against rates. Setup is identical to
Figure 2.1. Bar = 10µm.
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Figure 2.3. The rate of flux-like motion is sensitive to kinesin-13 inhibition. (A)
Prophase and early prometaphase cells were photoactivated following Kif2a/MCAK
microinjection. Slow P motion continues, but at a reduced rate. These cells were
microinjected ~6min (prophase) and ~13min (early prometaphase) prior to
photoactivation. Layout is as in Figure 2.1. (B) A single optical plane of the early
prometaphase cell in (A) reveals buckled microtubules (arrowheads). (C) Percent of total
motion plotted against rates. Setup is identical to Figure 2.1. Bar = 10µm.
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Figure 2.4. Immunofluorescence of Eg5 and Kif2a through mitosis. (A)
Immunofluorescence images of microtubules, Eg5 and Kif2a from prophase to metaphase
in LLC-Pk1-PAα cells. (B) Deconvolved image of microtubules from the bottom
prophase cell from (A). Bar = 10µm.
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Figure 2.5. Monastrol treatment differentially affects slow P motion before and after
NEB. (A) Prophase and early prometaphase cells were photoactivated in the presence of
monastrol. The frequency and rate of slow P motion is reduced pre- and post-NEB,
respectively. These cells were treated with monastrol ~124min (prophase) and ~146min
(early prometaphase) prior to photoactivation. Layout is as in Figure 2.1. (B) Maximum
intensity projections through NEB of the prophase cell in (A). (C) Percent of total
motion plotted against rates. Setup is identical to Figure 2.1. Bar = 10µm.
30

Figure 2.6. Centrosome motion does not account for flux-like motion during
prophase. (A) A time-lapse sequence of an LLC-Pk1 cell expressing GFP-EB1. A
phase contrast image acquired prior to the time-lapse is displayed as an inset. Blue and
green circles serve as fiduciary marks against which centrosomal movement can be
visualized. Prophase centrosomes undergo slow motility (0.65µm/min) characterized by
frequent pauses within the time frame of typical prophase photoactivation experiments
(90sec). Time points are in min:sec. (B) For each centrosome in (A), the distance from
the origin is plotted against time. The centrosome associated with each plot is
coordinated with (A) by color. The inset displays the average percentage of time
centrosomes are mobile and static (defined as at least three consecutive frames without
detectable motion). Bar = 10µm.
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Table 2.1. Average rates (µm/min) of photoactivated marks in LLC-Pk1-PAα cells
Slow P
Fast P
Control
Prophase
1.34 ± 0.45
2.69 ± 0.24
Prometaphase
1.52 ± 0.45
2.63 ± 0.36
Metaphase
1.37 ± 0.47
p150-CC1
Prophase
1.24 ± 0.46
≤ 2 rates
Prometaphase
1.32 ± 0.46
Metaphase
1.22 ± 0.36
Kif2a/MCAK
Prophase
1.02 ± 0.28a
2.68 ± 0.58
Prometaphase
1.01 ± 0.30a
Metaphase
1.17 ± 0.29b
Monastrol
Prophase
1.41 ± 0.33
≤ 2 rates
Prometaphase
1.06 ± 0.42c
Metaphase
0.95 ± 0.18a
Rates ± standard deviations. Unless otherwise indicated, values in
different from that column’s control value (denoted in bold).
a

Statistically significant at p = 0.001.
Statistically significant at p = 0.05.
c
Statistically significant at p = 0.01.
b
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Slow AP

Fast AP

1.56 ± 0.46
-

3.12 ± 0.65
≤ 2 rates
-

1.35 ± 0.51
≤ 2 rates
-

≤ 2 rates
≤ 2 rates
-

1.23 ± 0.59
-

≤ 2 rates
-

1.55 ± 0.43
3.43 ± 0.55
any one column are not statistically

Table 2.2. The distribution of prophase and early prometaphase microtubule motion
for each experimental condition
Slow

Prophase
Fast

Totals

Slow

Prometaphase
Fast

54%
n = 55
26%
n = 26
80%
n = 81

7%
n=7
13%
n = 13
20%
n = 20

61%
n = 62
39%
n = 39

84%
n = 57
0%
n=0
84%
n = 57

15%
n = 10
1%
n=1
16%
n = 11

55%
n = 30 (50)
40%
n = 22 (37)
95%
n = 52 (87)

1%
n = 1 (2)
4%
n = 2 (3)
5%
n = 3 (5)

56%
n = 31 (52)
44%
n = 24 (40)

91%
n = 30 (67)
6%
n = 2 (4)
97%
n = 32 (71)

0%
n = 0 (0)
3%
n = 1 (2)
3%
n = 1 (2)

91%
n = 30 (67)
9%
n = 3 (6)

50%
n = 15 (38)
33%
n = 10 (25)
83%
n = 25 (63)

13%
n = 4 (10)
4%
n = 1 (3)
17%
n = 5 (13)

63%
n = 19 (48)
37%
n = 11 (28)

100%
n = 27 (60)
0%
n = 0 (0)
100%
n = 27 (60)

0%
n = 0 (0)
0%
n = 0 (0)
0%
n = 0 (0)

100%
n = 27 (60)
0%
n = 0 (0)

Totals

Control
P
AP
Totals

20 cells

99%
n = 67
1%
n=1
20 cells

p150-CC1a
P
AP
Totals

12 cells

9 cells

Kif2a/MCAKb
P
AP
Totals

8 cells

9 cells

Monastrolc
12%
2%
14%
100%
0%
100%
n = 5 (10)
n = 1 (2)
n = 6 (12)
n = 31 (56)
n = 0 (0)
n = 31 (56)
55%
31%
86%
0%
0%
0%
AP
n = 23 (46)
n = 13 (26)
n = 36 (72)
n = 0 (0)
n = 0 (0)
n = 0 (0)
67%
33%
100%
0%
Totals
10 cells
11 cells
n = 28 (56)
n = 14 (28)
n = 31 (56)
n = 0 (0)
In order to make the number of measured marks comparable between treatments involving a variable
number of analyzed cells, the observable n for each experimental treatment has been supplemented with a
value in parentheses that represents the number of marks expected in 20 cells (the number of cells analyzed
for both prophase and early prometaphase controls).
P

a

p150-CC1 does not alter the frequency of slow P motion. During prophase, 50 slow P marks would be
expected in 20 microinjected cells (similar to the 55 slow P marks recorded in controls). During early
prometaphase, 67 slow P marks would be expected in 20 microinjected cells (similar to the 57 slow P
marks recorded in controls).
b
Kif2a/MCAK microinjection does not alter the prophase distribution of rates but slightly alters the early
prometaphase distribution. In control prophase cells, ~60% of all motion is P (~40% is AP) and ~80% is
slow (~20% is fast). This is identical to the distribution following microinjection. In control early
prometaphase cells, ~100% of all motion is P and ~85% is slow (~15% is fast). Following microinjection,
100% of all motion is slow P.
c
Monastrol treatment causes a true decrease in prophase P motion, evidenced by the 12 marks expected to
move poleward in 20 monastrol treated cells (compared to the 62 marks recorded in controls), and a true
increase in AP motion, evidenced by the 72 marks expected to move away from the pole in 20 monastrol
treated cells (compared to the 39 marks recorded in controls).
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CHAPTER 3

FUNCTIONALITY OF EG5 AND DYNEIN CO-INHIBITED SPINDLES

Introduction
Simultaneous inhibition of Eg5 and dynein is known to restore a cell’s capacity
for bipolar spindle assembly (Mitchison et al., 2005; Tanenbaum et al., 2008), despite the
fact that Eg5 inhibition alone leads to monopolar spindles (Blangy et al., 1995). While
this antagonistic relationship has important implications for the establishment of spindle
bipolarity, the functional consequence of co-inhibition (as it pertains to spindle activity)
has been unaddressed. Since accumulating evidence suggests that a balance of forces is
instrumental in bipolar spindle assembly rather then the activity of individual motors, I
hypothesize that bipolar spindles lacking both Eg5 and dynein activity will behave as
controls. Here, I confirm the presence of Eg5/dynein antagonism in LLC-Pk1 cells, as
well as its involvement in spindle bipolarity, and further show that Eg5 and dynein coinhibited spindles are of the correct length, undergo poleward flux, have reduced Mad2
staining at kinetochores and are capable of progressing into and beyond anaphase.
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Results
Eg5 and Dynein Act Antagonistically during Metaphase
Before exploring the functional consequence of Eg5 and dynein co-inhibition on
spindle activity, I first confirmed the antagonistic nature of these motors in LLC-Pk1
cells, as well as the relevance of this antagonism to spindle bipolarity (Tanenbaum et al.,
2008). To accomplish this, metaphase cells expressing GFP-tubulin (LLC-Pk1α) (Rusan
et al., 2001) were treated with monastrol to inhibit Eg5 or microinjected with p150-CC1
to inhibit dynein. Immediately following monastrol treatment, bipolar spindles shortened
by ~30% (Figures 3.1A and 3.1C), but complete collapse into monopoles was not
observed. Conversely, spindles lengthened by ~30% after dynein inhibition (Figures
3.1B and 3.1C). This spindle elongation was not a consequence of centrosome
dissociation from spindle poles or mislocalization of Kif2a. Together, spindle shortening
and lengthening following Eg5 and dynein inhibition, respectively, confirm the presence
of an antagonistic relationship between these two motors in LLC-Pk1 cells.

Eg5 and Dynein Act Antagonistically during Spindle Assembly
I next monitored the response of Eg5-inhibited monopolar spindles to inhibition
of dynein. LLC-Pk1α cells were treated with monastrol prior to NEB, and mitotic cells
containing monopolar microtubule arrays were then microinjected with p150-CC1. In
~50% of such cells (13 of 30 cells), monopolar spindles reorganized into bipolar spindles
(Figure 3.1D), defined here and subsequently as fusiform microtubule arrays with the
majority of chromosomes aligned between two distinct poles separated by a minimum of
5µm. Spontaneous bipolarization of monastrol-induced monopolar spindles was never
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observed and microinjection of control antibodies left monopolar arrays unaltered,
demonstrating the specificity of bipolarization to dynein inhibition.
To determine if bipolarization involved the separation of centrosomes or the
formation of an ectopic pole, Eg5 and dynein co-inhibited cells were fixed 1-2hrs postmicroinjection and stained for γ-tubulin to mark centrosomes. Though γ-tubulin
additionally labels noncentrosomal poles, such foci have diminished fluorescence
intensity relative to true centrosomes (Tulu et al., 2006). In all cells that had successfully
bipolarized, two distinct γ-tubulin foci (of comparable fluorescence) were observed on
opposite sides of the metaphase plate, indicating a physical separation of centrosomes
during bipolarization (Figure 3.2). Because inhibition of dynein rescued the monastrolmediated monopolar phenotype, these data demonstrate that an antagonistic balance
between Eg5 and dynein contributes to the establishment of spindle bipolarity.

Spindle Length and Flux in Eg5 and Dynein Co-Inhibited Spindles
Drosophila cells co-inhibited of the antagonistic pairs Eg5 and HSET or Kif2a
and CLASP are capable of normal mitotic progression (Sharp et al., 1999b; Laycock et
al., 2006). To determine the functionality of Eg5 and dynein co-inhibited spindles, I
investigated four parameters: spindle length, poleward flux, the spindle checkpoint and
mitotic progression. To determine spindle length, I measured the pole-to-pole distance in
untreated and Eg5 and dynein co-inhibited cells. Under both of these conditions, cells
maintained similar metaphase lengths (16.0 ± 2.3µm and 14.2 ± 4.6µm in untreated and
co-inhibited cells, respectively) (Figure 3.3). Because these values are not statistically
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different, these data indicate that residual forces are sufficient to build spindles of proper
length.
To analyze flux, LLC-Pk1-PAα cells containing monopolar spindles were
microinjected with p150-CC1 and, following bipolarization, these cells were
photoactivated parallel to the newly formed metaphase plate (Figure 3.4A). Though the
rate of flux in Eg5 and dynein co-inhibited cells (1.05 ± 0.43µm/min) is slower than in
controls (1.37 ± 0.47µm/min), the observed flux rate in co-inhibited cells was consistent
with the inactivation of Eg5, as monopolar spindles undergo flux at 1.06 ± 0.42µm/min
and monastrol-treated bipoles flux at 0.95 ± 0.18µm/min (Ferenz and Wadsworth, 2007)
(Figure 3.4B). Therefore, Eg5 and dynein co-inhibited spindles appear to be fluxing at
the maximal rate in the absence of Eg5 activity. Together, these spindle length and flux
data indicate that microtubule dynamics are normal in co-inhibited cells.

Mitotic Checkpoint and Progression in Eg5 and Dynein Co-Inhibited Spindles
Mad2 is a spindle checkpoint protein that senses microtubule attachment (Li and
Murray, 1991; Waters et al., 1998); consequently, it is detectable on prometaphase, but
not metaphase kinetochores. Consistent with this, kinetochores in untreated
prometaphase LLC-Pk1 cells are decorated with Mad2, while the protein is noticeably
absent from metaphase kinetochores (Figure 3.5). Likewise, kinetochores in Eg5 and
dynein co-inhibited cells that failed to bipolarized were positive for Mad2, while those
cells that had undergone bipolarization did not have any detectable Mad2 (Figure 3.5),
indicating that the mitotic checkpoint is operational. Given the proper removal of Mad2
from metaphase kinetochores, monastrol-treated cells containing monopolar spindles
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were microinjected with p150-CC1 and fixed several hours post-microinjection to
determine if cells could progress through mitosis. Immunofluorescent analysis of coinhibited cells demonstrated that roughly half (29 of 60 cells) remained monopolar,
consistent with my live cell analysis (see above) (Figure 3.6). Importantly, however, the
remaining half of co-inhibited cells were either bipolar (18 of 60 cells) or had progressed
into or beyond anaphase (13 of 60 cells), indicating that co-inhibited cells are indeed
functional (Figure 3.6).
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Discussion
My data show that metaphase spindle length is regulated by the antagonistic
activity of Eg5 and dynein, and that this activity is additionally involved in the
establishment of bipolar spindles. The ability of co-inhibited cells to bipolarize and
operate suggests a large degree of functional redundancy within mammalian mitotic cells
and further supports the notion that a balance of forces is more important to spindle
assembly and activity than are individual motor components.

Functional Redundancy
Though centrosome separation, microtubule flux, checkpoint removal and
anaphase chromosome segregation depend (to varying extents) on dynein and Eg5
activity (Vaisberg et al., 1993; Blangy et al., 1995; Sharp et al., 2000; Howell et al., 2001;
Miyamoto et al., 2004; Shirasu-Hiza et al., 2004), additional forces appear to compensate
in their functional absence as this set of processes continues in Eg5 and dynein coinhibited cells. The force driving pole separation, for example, could be generated by
microtubule polymerization (Inoué and Salmon, 1995) and/or a plus end-directed motor,
such as Xklp2 (Boleti et al., 1996), which is known to have a role in centrosome
separation. Chromosome segregation, on the other hand, could be driven by Ncd, a
minus end-directed motor implicated in anaphase chromosome motion (Endow et al.,
1990; McDonald et al., 1990). While I note the conflictive status of dynein inhibition
phenotypes in the literature (i.e., perturbing dynein activity has been demonstrated to
leave both pole focusing and chromosome segregation unaffected) (Desai et al., 1998;
Sharp et al., 2000; Howell et al., 2001; Goshima and Vale, 2003; Mitchison et al., 2005),

39

I do not suspect that centrosome separation, checkpoint removal and chromosome
segregation are simply dynein-independent events in LLC-Pk1 cells, as each process has
been described in mammalian tissue culture cells to be influenced by dynein inhibition
(Vaisberg et al., 1993; Howell et al., 2001; Yang et al., 2007b).
Interestingly, the presence of flux in co-inhibited spindles is in direct contrast to
results obtained in Xenopus egg extracts, where flux no longer occurs after inhibition of
Eg5 and dynein (Miyamoto et al., 2004). This discrepancy can easily be accounted for,
however, by considering that in Xenopus spindles (which consist mostly of overlapping
microtubules), Eg5 uniquely contributes to flux by sliding apart antiparallel microtubules,
whereas in mammalian systems (which contain a large percentage of kinetochore
microtubules), Eg5 appears to generate a sliding force in concert with additional factors
(Miyamoto et al., 2004; Shirasu-Hiza et al., 2004; Cameron et al., 2006; Ferenz and
Wadsworth, 2007).

The Bipolarization Phenotype
Although it was not unexpected that dynein inhibition rescued the monastrolinduced monopolar phenotype, given the precedent in U2OS and HeLa cells (Tanenbaum
et al., 2008), I observed rescue in only ~50% of the cases for both live and fixed cell
analyses (44 of 90 cells). Variability in the volume of microinjected inhibitor could
contribute to this observed frequency, as could the possibility of incomplete inhibition of
dynein (p150-CC1 interferes with the dynein/dynactin interaction, not the ATPase
activity of dynein, thereby leaving dynactin-independent activity a formal possibility). I
favor, however, a geometrical explanation. If pushing forces (either microtubule- or
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motor-based) are required for pole separation in the functional absence of Eg5 and
dynein, then the distribution of chromosomes relative to centrosomes as well as the
distribution of centrosomes relative to one another would greatly influence the potential
for force generation. For example, if centrosomes were closely spaced in the center of a
monopole (as opposed to slightly separated in the center of a monopole), then
microtubule-based forces applied to neighboring chromosomes would result in repulsion
(but not separation) of the centrosomes.
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Materials and Methods
Materials
All materials for cell culture were obtained from Sigma-Aldrich (St. Louis, MO)
with the exception of Opti-MEM, which was obtained from Invitrogen (Carlsbad, CA)
and fetal bovine serum, which was obtained from Atlanta Biologicals (Norcross, GA).
Unless otherwise noted, all other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO).

Cell Culture
Parental LLC-Pk1 cells, as well as LLC-Pk1 cells expressing either GFP-tubulin
or photoactivatable PA-GFP-tubulin were cultured as previously described (Rusan et al.,
2001; Tulu et al., 2003). Cells were plated on glass coverslips (Corning Inc. Life
Sciences, Corning, NY) or etched glass coverslips (Bellco Glass Co., Vineland, NJ) 2
days prior to imaging. For live imaging, cells were mounted in chambers containing nonCO2 MEM supplemented with 0.3U/mL Oxyrase (EC Oxyrase, Oxyrase Inc., Mansfield,
OH) and were maintained at ~37ºC.

Inhibitors
p150-CC1, a gift of Dr. T. Kapoor (The Rockefeller University, New York, NY),
was prepared according to protocol (King et al., 2003) and, following dilution with
microinjection buffer (50nM K-Glu, 1mM MgCl2, pH 7.0), was microinjected at 25µM
(needle concentration). Monastrol was used at 100µM.
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Microinjection
Microinjection was performed on a Nikon Eclipse TE 300 inverted microscope
using either a 60x or 100x phase objective lens and a PV820 Pneumatic PicoPump
(World Precision Instruments, Sarasota, FL). Needles were pulled from Omega Dot
capillary glass tubes (Friedrich and Dimmock, Inc., Millville, NJ) on a Brown-Flaming P80 micropipette puller (Sutter Instrument, Co., Novato, CA).

Immunofluorescence
Cells were rinsed twice in calcium- and magnesium-free phosphate buffered
saline (PBS-/-), and fixed in glutaraldehyde (0.25% glutaraldehyde in PBS-/-),
formaldehyde (3.7% formaldehyde in H2O), paraglutaraldehyde (3.7%
paraformaldehyde, 0.1% glutaraldehyde and 0.5% Triton X-100 in PBS-/-) or 100%
methanol and rehydrated in PBS containing 0.1% Tween and 0.02% sodium azide. The
following primary antibodies were used in these experiments: anti-γ-tubulin, used at
1:2000; anti-Mad2, a gift of Dr. A. Khodjakov (Wadsworth Center, Albany, NY), used at
1:200; and YL½ (Accurate Chemical, Westbury, NY), used at 1:2. Incubations with
primary antibodies were performed overnight at room temperature or for 1hr at 37ºC.
Cy3- (Jackson ImmunoResearch Laboratories, West Grove, PA) or FITC-labeled (SigmaAldrich, St. Louis, MO) secondary antibodies were used at the recommended dilution for
30 or 90min at room temperature, respectively. DNA was visualized with 4’,6diamidino-2-phenylindole, used at 1:300. Coverslips were mounted in Vectashield
(Vector Laboratories, Burlingame, CA) and sealed with nail polish.
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Image Acquisition
Images were acquired using a Nikon Eclipse TE 300 inverted microscope
equipped with a 100x phase, NA 1.4 objective lens, a spinning disk confocal scan head
(Perkin Elmer, Waltham, MA) and a Hamamatsu Orca ER cooled CCD camera
(Hamamatsu, Bridgewater, NJ). All images were taken with a dual wavelength (488/568)
filter cube. Image acquisition was controlled by Metamorph software (Molecular
Devices, Sunnyvale, CA). Time-lapse sequences were acquired at 5sec-2min intervals
using exposure times of 400-800msec. Z-stacks were acquired at 0.2µm steps using
similar exposure times. Images of fixed cells were acquired by capturing optical sections
every 0.2µm using exposure times of 400-600msec (at 488nm) and 600-800msec (at
568nm). Photoactivation experiments were performed as previously described (Ferenz
and Wadsworth, 2007).
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Figure 3.1. Eg5/dynein antagonism. Eg5 (A) and dynein (B) inhibition inversely affect
metaphase spindle length. Images are maximum intensity projections, prior to (left) and
following (right) motor inhibition. (C) Average spindle length before and after each
treatment + standard deviation. Data are significantly different (asterisks) at p = 0.01
(monastrol) and p = 0.05 (p150-CC1). (D) Selected images from a time-lapse series of a
monastrol-treated cell containing a monopolar spindle that was subsequently
microinjected with p150-CC1. This spindle bipolarizes within 20min. The first and last
images are maximum intensity projections. All times are relative to motor inhibition
(0:00) and are displayed as min:sec. Bars = 10µm.
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Figure 3.2. Co-inhibited cells establish bipolarity via centrosome separation. (A)
Control (top) and monastrol-treated, p150-CC1-microinjected (bottom) LLC-Pk1 cells
were fixed at metaphase and stained for γ-tubulin (left). A merge with DAPI is shown on
the right.
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Figure 3.3. Average spindle length of co-inhibited bipoles. Average spindle length +
standard deviation after the indicated treatments. Data are not statistically different.
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Figure 3.4. Co-inhibited cells undergo poleward flux. (A) Selected images from a
time-lapse series of a monastrol-treated and p150-CC1-microinjected LLC-Pk1-PAα cell
photoactivated parallel to the metaphase plate. The white lines serve as a fiduciary mark.
Times are relative to injection (0:00) and are displayed as min:sec. (B) Average rate of
poleward flux + standard deviation after the indicated treatments. Values for control
bipoles, monastrol-treated monopoles and monastrol-treated bipoles are from Ferenz and
Wadsworth (2007).
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Figure 3.5. Co-inhibited spindles remove Mad2 from metaphase kinetochores.
Control prometaphase (top), metaphase (middle) and monastrol-treated, p150-CC1microinjected metaphase (bottom) LLC-Pk1 cells were fixed and stained for MTs (left).
A merge with Mad2 is shown on the right.
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Figure 3.6. Co-inhibited spindles progress through mitosis. Mitotic fate of monastroltreated and p150-CC1-microinjected monopoles. LLC-Pk1 cells were treated with
monastrol, injected with p150-CC1, and then fixed and stained 1-5hrs post-injection.
Cells that had previously been injected were located, and the mitotic stage of these cells
was scored.
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CHAPTER 4

FUNCTIONAL COORDINATION OF EG5/DYNEIN ANTAGONISM

Introduction
Eg5 and dynein are known to participate in an antagonistic relationship during
mammalian bipolar spindle assembly and maintenance (Tanenbaum et al., 2008). What
remains unknown, however, is how these motors are functionally coordinated such that
antagonism is possible. Given that Eg5 generates an outward force by crosslinking and
sliding antiparallel microtubules (Sharp et al., 1999a; Kapitein et al., 2005; van den
Wildenberg et al., 2008), I hypothesized that dynein generates an inward force by
likewise sliding antiparallel microtubules. To test this, I utilized a nocodazole washout
assay to mimic spindle assembly under conditions that routinely produced cells
containing variably positioned centrosomes, and hence variable amounts of antiparallel
overlap. These in vivo and in silico results demonstrate that dynein generates an inward
force via its association with antiparallel microtubules.
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Results
The Nocodazole Washout Assay as a Means to Study Eg5/Dynein Antagonism
If my hypothesis is valid, then dynein would likely be responsible for monopolar
spindle formation in the presence of monastrol, as it would generate an inadequately
opposed inward force. Because antiparallel overlap decreases as the distance between
centrosomes increases (Figure 4.1), and because the magnitude of the postulated dyneinmediated force would depend on the amount of antiparallel overlap, spindles that form in
Eg5-inhibited cells should be resistant to collapse above a certain intercentrosomal
threshold distance; in other words, spindles should exhibit an intercentrosomal distancedependent bistability. To examine this, I utilized a nocodazole washout assay (Tulu et
al., 2006), which accumulates mitotic cells containing widely variable centrosomal
distributions (in a manner independent of the inhibitors present) (Figure 4.2).
In this assay, LLC-Pk1α cells were treated with nocodazole to completely
disassemble microtubules and then washed 4X with drug free medium to initiate spindle
assembly. Upon removal of drug, microtubules assembled at centrosomes and
chromosomes (Tulu et al., 2006). When centrosomal and chromosomal arrays were close
enough to interact (proximal centrosomes), these microtubule populations quickly
coalesced, ultimately resulting in bipolar spindles (9 of 13 cells; Figures 4.3A and 4.3B;
Table 4.1); this occurred regardless of the initial spacing between proximal centrosomes.
In cells with centrosomal arrays that failed to interact with the chromosomal array (distal
centrosomes), acentrosomal bipolar spindles assembled around chromosomes (3 of 5
cells; Figure 4.3C; Table 4.1), confirming that mammalian chromosomes alone can
organize microtubules into bipolar structures (Khodjakov et al., 2000; Lončarek et al.,
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2007), even in the continued presence of centrosomes. Examination of cells fixed 60
minutes post-4X washout revealed that ~30% had progressed into or beyond anaphase
(Figure 4.3D), demonstrating that these bipolar spindles are functional, and validating
this assay as a tool for studying spindle assembly.

Monopolar Spindle Formation in Eg5-Inhibited Cells Requires Closely Associated
Centrosomes
To test the potential bistability of forming spindles in Eg5-inhibited cells, LLCPk1α cells were treated first with nocodazole and subsequently with monastrol, and then
released into monastrol-containing medium. As predicted, the initial spacing between
proximal centrosomes had a profound effect on the resulting microtubule array. When
proximal centrosomes were located close to one another (i.e., < 5.5µm apart), monopolar
arrays of microtubules formed following release from nocodazole (4 of 5 cells; Figure
4.4A). In striking contrast, however, when proximal centrosomes were located far from
one another (i.e., > 5.5µm apart), bipolar arrays of microtubules formed (6 of 7 cells;
Figure 4.4B; Table 4.1). Furthermore, when centrosomes were distal, chromosomes
organized short acentrosomal bipolar arrays in an Eg5-independent manner (3 of 4 cells;
Figure 4.4C; Table 4.1); chromosomes also organized similar acentrosomal bipolar
spindles in a dynein-independent manner (2 of 2 cells; Figure 4.5).
These data confirm the predicted intercentrosomal distance-dependent bistability
and suggest that the requirement for active Eg5 in establishing a bipolar spindle can be
bypassed if spindle assembly initiates with well-separated centrosomes (i.e., > 5.5µm
apart) or via an exclusively chromosomal pathway. In these cases, I expect the degree of
antiparallel microtubule overlap to be insufficient to mediate dynein-dependent spindle
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collapse. Furthermore, my data show that Eg5 and dynein are each dispensable for
acentrosomal bipolar spindle formation.

Monopolar Spindle Formation in Eg5-Inhibited Cells with Closely Associated
Centrosomes Requires Dynein Activity
Though intercentrosomal distance-dependent spindle bistability supports my
hypothesis, additional support can be obtained by confirming that dynein is responsible
for spindle collapse in the presence of monastrol. To directly test this, LLC-Pk1α cells
were treated first with nocodazole and monastrol, then microinjected with p150-CC1
prior to release into monastrol-containing medium. Consistent with p150-CC1
microinjections into monastrol-treated monopoles (see Chapter 3), half of these cells (2
of 4 cells) bipolarized when proximal centrosomes were close to one another (Figure
4.6A; Table 4.1); the other half formed monopolar arrays. As expected, when proximal
centrosomes were distant, 4 of 5 cells bipolarized (Figure 4.6B; Table 4.1).
Acentrosomal bipolar arrays additionally formed in Eg5- and dynein-inhibited cells
containing distal centrosomes (1 of 1 cell; Figure 4.6C; Table 4.1).
These data reveal that monastrol-mediated spindle monopolarity is a dyneindependent phenotype. My results are therefore consistent with a model in which Eg5,
located on antiparallel microtubules, generates an outward sliding force, and that this is
resisted by a dynein-generated inward force also acting on antiparallel microtubules.

In Silico Modeling Confirms the Spindle Bistability of Eg5-Inhibited Cells
Although my in vivo data support my hypothesis that dynein localizes to, and
generates force at antiparallel microtubule overlap, confirmation of such necessarily
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involves visualizing both dynein and antiparallel microtubules. In mammalian cells,
however, the difficulties associated with genetically tagging and expressing dynein heavy
chain preclude the former, while the density of spindle microtubules obstructs the latter.
I note, however, that dynein has been immunofluorescently localized to mammalian
spindle microtubules (Faruki et al., 2002).
Despite these limitations, we can employ a mathematical model of spindle
assembly to determine if my in vivo results are consistent with dynein acting on
antiparallel microtubules. The following assumptions were made while constructing the
model: (i) centrosomes nucleate asters consisting of tens to hundreds of microtubules
undergoing rapid dynamic instability, so that the microtubule length distribution is
exponential (Dogterom and Leibler, 1993); (ii) a few centrosomal microtubules reach
chromosome arms and generate a repulsive force (Figure 4.7A, Force A) either by a
polymerization ratchet, or by interacting with chromokinesins; (iii) a few centrosomal
microtubules reach the spindle equator where Eg5 and dynein motors exert opposite
sliding forces at the region of antiparallel overlap (Figure 4.7A, Force B); and (iv)
tension generated at kinetochores pulls chromosomes toward centrosomes (Figure 4.7A,
Force C). Importantly, the precise location of dynein on antiparallel microtubules (i.e.,
whether it’s distributed along the whole overlap length or just at the plus ends) does not
make a qualitative difference for the model’s predictions.
These assumptions allow the effective outward force, F, applied to each
centrosome to be computed as a function of the half-spindle length, x, assuming that all
chromosomes are crowded close together at the spindle equator (Figure 4.7A). This
functional dependence has the form: F(x) = (Ae-x/L - C) - 2Bxe-2x/L, where L is the average
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microtubule length, A is the maximal repulsive force on chromosome arms, B is the total
motor force per unit length of antiparallel microtubule overlap, and C is the kinetochore
tension force (see Appendix A). Using this formula, we found that when parameter B
was very small (i.e., when the outward sliding force by Eg5 and the inward pulling force
by dynein and possibly other motors canceled each other out or were nonexistent), the
total force pushed centrosomes away from the equator when they were close together and
toward it when they were far apart (Figure 4.7B). In this case, the model predicted a
single stable separation between centrosomes where the force balances to zero. With
realistic parameters and chromosome distribution in the midplane (see Appendix A and
Table 4.2), this stable length was ~11µm when Eg5 and dynein were either both active or
inhibited (Figure 4.7B), a value that matched the spindle length observed in vivo under
similar conditions (Table 4.1).
Less intuitively, the model revealed that when parameter B increased (i.e., when
Eg5 alone was inhibited, and there was a significant unopposed inward pulling force by
dynein and possibly other motors), the total force on centrosomes exhibited more
complex behavior (Figure 4.7B). Although the force was still repulsive when
centrosomes were close together and attractive when they were far apart, it did not simply
decrease monotonically with distance. Rather, it became negative when centrosomes
were separated less than ~5µm and positive when centrosomes were separated ~5-11µm.
This is because below the ~5µm threshold, antiparallel microtubule overlap (~2xe-2x/L) is
large and the pulling action of dynein is dominant, whereas above the threshold,
antiparallel microtubule overlap becomes smaller and the repulsive action generated by
microtubules interacting with chromosome arms overcomes the dynein-mediated
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attraction. As a result, the model predicted a stable separation of ~11µm when the initial
centrosomal separation was greater than ~5µm, and collapse when this separation was
less than ~5µm. The predicted bistability and length of Eg5-inhibited spindles, as well as
the threshold distance, again matched well with the in vivo data (Table 4.1). Computer
simulations of mobile centrosomes and chromosomes were also in agreement with the in
vivo observations (Figure 4.8C and 4.8D).
Together, our in silico data accurately simulated our in vivo observations,
regarding both the outcome of spindle assembly in the presence of Eg5 and dynein
inhibitors and the length of the resulting spindles, and did so with dynein acting on
overlapping microtubules. Importantly, we varied the model’s assumptions and
parameters and established that if dynein were acting from the cell cortex, spindle poles
or chromosomes, rather than on antiparallel microtubules, the virtual spindle behavior
would be incompatible with our observations. Note that some of the modeling
assumptions are not crucial: other repulsive interactions than those mediated by
chromosome arms, other attractive forces than those brought about by kinetochore
tension, and other microtubule length distributions than the exponential one still predict
the same qualitative behavior that we observed. However, the action of dynein
specifically on antiparallel microtubules is essential.
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Discussion
The results of my experiments provide new information regarding the antagonistic
activity of Eg5 and dynein during bipolar spindle formation. First, I show that Eg5 is not
required for centrosome-directed spindle formation when spindle assembly is initiated
with well-separated centrosomes and, conversely, that spindle collapse following
inhibition of Eg5 requires an initial intercentrosomal distance of less than 5.5µm and
dynein activity. Second, I show that neither Eg5 nor dynein activity is needed for
acentrosomal spindle assembly in mammalian cells. Our in vivo and in silico
observations support my hypothesis that dynein opposes Eg5 by crosslinking and sliding
antiparallel microtubules. This represents a unique ability of dynein during mammalian
spindle assembly.

The Location of Dynein-Mediated Force Generation
Dynein has previously been suggested to exclusively crosslink parallel
microtubules (Chakravarty et al., 2004); however, my data suggest an antiparallel
crosslinking ability as well, consistent with dynein’s proposed role during Xenopus
extract spindle fusion (Gatlin et al., 2009). I predict specifically that dynein localizes and
generates force at or near the plus ends of overlapping microtubules, consistent with its
plus end localization in fungal systems (Han et al., 2001; Lee et al., 2003). Here, dynein
could crosslink microtubules by binding to one microtubule via its stalk domain and to a
second microtubule by a non-ATP dependent interaction, mediated, for example, by
proteins that bind both dynein and microtubules. In strong support of this, recent work
has shown that spindle assembly requires the microtubule binding domain of the p150
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subunit of dynactin (Kim et al., 2007) and that the microtubule plus end-binding protein,
CLIP-170, which binds to dynein, antagonizes Eg5 (Tanenbaum et al., 2008).
Mathematical modeling predicts that the total forces generated by Eg5 and dynein
are approximately equal. Assuming that the force generated by single dynein and Eg5
motors is 1pN and 4pN, respectively (Mallik et al., 2004; Valentine et al., 2006), then ~8
times more dynein than Eg5 would be required in the overlap region. While absolute
numbers of motors are unknown, they would likely be in the range of tens to hundreds.

Acentrosomal Spindle Assembly in Mammalian Somatic Cells
Previous experiments have shown that bipolar, acentrosomal spindles form in
mammalian cells after centrosomal ablation (Khodjakov et al., 2000; Lončarek et al.,
2007). My observation that bipolar, acentrosomal spindles form in mammalian cells
containing distal centrosomes confirms this result and additionally indicates that the
presence of centrosomes per se does not compromise this assembly pathway, for example
by outcompeting chromosomes for tubulin subunits. Furthermore, my motor inhibition
data show that qualitatively similar bipolar spindles assemble around chromosomes
regardless of the inhibitors present (i.e., monastrol and/or p150-CC1), suggesting that
both Eg5 and dynein are dispensable for acentrosomal bipolar spindle formation. While
the dispensability of dynein to this process has previously been noted (Heald et al., 1996),
this is the first demonstration that Eg5 activity is likewise not required for chromosomemediated spindle assembly.
Curiously, acentrosomal spindles were ~6-7µm in length in untreated and Eg5and/or dynein-inhibited cells, consistently shorter than the spindle length observed in

59

cells whose centrosomes contributed to the assembly process. Although our
mathematical modeling was specific for centrosome-directed spindle assembly, it is
capable of making predictions for the acentrosomal case, given the following
assumptions about chromosome-mediated bipoles: (i) the kinetochore fibers present are
the same as those in the centrosome-directed bipoles, (ii) the number of microtubules
contacting chromosome arms is 2-3 times less than is found in centrosome-directed
bipoles and (iii) there are no interpolar microtubules. Under these conditions, the model
predicts acentrosomal bipolar arrays of ~6-7µm in length, again in excellent quantitative
agreement with the in vivo observations.

Implications for Spindle Formation
Because centrosome separation in prophase requires dynein, presumably anchored
to the nuclear envelope acting on astral microtubules, as well as Eg5, acting on
antiparallel microtubules (Vaisberg et al., 1993; Saunders and Hoyt, 1992), I propose that
as mitosis progresses and centrosomes separate, dynein becomes recruited to newly
forming regions of antiparallel overlap where it can antagonize the activity of Eg5 and
limit or stabilize centrosome separation, so as to prevent anaphaselike prometaphase
(Bajer, 1982). With centrosomes stably separated, the capture of chromosomes by
centrosomal microtubules may be more efficient, thus enhancing chromosome
biorientation and spindle assembly.
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Materials and Methods
Materials
All materials for cell culture were obtained from Sigma-Aldrich (St. Louis, MO)
with the exception of Opti-MEM, which was obtained from Invitrogen (Carlsbad, CA)
and fetal bovine serum, which was obtained from Atlanta Biologicals (Norcross, GA).
Unless otherwise noted, all other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO).

Cell Culture and Nocodazole Treatment
Parental LLC-Pk1 cells, as well as LLC-Pk1 cells expressing GFP-tubulin were
cultured as previously described (Rusan et al., 2001; Tulu et al., 2003). Cells were plated
on glass coverslips (Corning Inc. Life Sciences, Corning, NY) 2 days prior to imaging.
For live imaging, cells were mounted in chambers containing non-CO2 MEM
supplemented with 0.3U/mL Oxyrase (EC Oxyrase, Oxyrase Inc., Mansfield, OH) and
were maintained at ~37ºC. Nocodazole treatment and 4X washouts were performed as
previously described (Tulu et al., 2006), except that 5-10min incubations separated each
washout.

Inhibitors
p150-CC1, a gift of Dr. T. Kapoor (The Rockefeller University, New York, NY),
was prepared according to protocol (King et al., 2003) and, following dilution with
microinjection buffer (50nM K-Glu, 1mM MgCl2, pH 7.0), was microinjected at 25µM
(needle concentration). Monastrol was used at 100µM.
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Microinjection
Microinjection was performed on a Nikon Eclipse TE 300 inverted microscope
using either a 60x or 100x phase objective lens and a PV820 Pneumatic PicoPump
(World Precision Instruments, Sarasota, FL). Needles were pulled from Omega Dot
capillary glass tubes (Friedrich and Dimmock, Inc., Millville, NJ) on a Brown-Flaming P80 micropipette puller (Sutter Instrument, Co., Novato, CA).

Image Acquisition
Images were acquired using a Nikon Eclipse TE 300 inverted microscope
equipped with a 100x phase, NA 1.4 objective lens, a spinning disk confocal scan head
(Perkin Elmer, Waltham, MA) and a Hamamatsu Orca ER cooled CCD camera
(Hamamatsu, Bridgewater, NJ). All images were taken with a dual wavelength (488/568)
filter cube. Image acquisition was controlled by Metamorph software (Molecular
Devices, Sunnyvale, CA). Time-lapse sequences were acquired at 5sec-2min intervals
using exposure times of 400-800msec. Z-stacks were acquired at 0.2µm steps using
similar exposure times.

Modeling
The modeling was based on numerical solutions of the systems of differential
equations described and explained in Appendix A. The numerical analysis was done
using standard Matlab m-files; simulations were performed on a desktop computer.
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Figure 4.1. Antiparallel overlap and spindle length. A plot of antiparallel overlap with
respect to the half-spindle length, according to y = 2xe-2x/L (see Appendix A). Here, L =
2.0µm.
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Figure 4.2. Centrosomal distributions created by nocodazole treatment. Schematic
diagram illustrating three broad centrosomal configurations typically produced after
treatment with nocodazole. Centrosomes are proximal when their microtubule arrays are
able to interact with the chromosomal array after release from nocodazole; centrosomes
are distal when they cannot. From cell to cell, the position of proximal centrosomes
relative to one another is highly variable at the onset of spindle assembly. To categorize
this variability, proximal centrosomes were classified as either close (< 5.5µm apart) or
distant (> 5.5µm apart).
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Figure 4.3. Spindle assembly following nocodazole washout. (A-C) Selected images
from time-lapse sequences of cells treated with and released from nocodazole under the
three centrosomal configurations. In each case, a bipolar spindle assembles following
nocodazole washout. In the first image of each sequence, centrosomes appear as white
dots. Arrows subsequently mark the position of in focus centrosomes when three or more
foci are present. The last image of each sequence is a maximum intensity projection. All
times are relative to the final nocodazole washout (0:00) and are displayed as min:sec.
(D) Percentage of fixed LLC-Pk1α cells at the indicated mitotic stages, present 60min
post-4x washout. Bar = 10µm.
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Figure 4.4. Spindle bistability in the absence of Eg5 activity. (A-C) Selected images
from time-lapse sequences of cells treated with nocodazole and monastrol, then released
into monastrol-containing medium. Nocodazole washout leads to bipolar spindle
formation, except when proximal centrosomes are close to one another. Set up is as
defined in Figure 4.3. Additionally, asterisks mark the position of out of focus
centrosomes. In C, two mitotic cells have fused together; the top spindle is acentrosomal.
Bar = 10µm.
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Figure 4.5. Acentrosomal spindle assembly does not require dynein activity. Selected
images from a time-lapse sequence of a cell treated with nocodazole, microinjected with
p150-CC1 and then released from the drug. Here, a bipolar spindle assembles following
nocodazole washout. Set up is as defined in Figure 4.4. Bar = 10µm.
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Figure 4.6. Dynein is required for monopolar spindle formation. (A-C) Selected
images from time-lapse sequences of cells treated with nocodazole and monastrol,
microinjected with p150-CC1, then released into monastrol-containing medium. In each
case, a bipolar spindle assembles after nocodazole washout. Set up is as defined in
Figure 4.4. Bar = 10µm.
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Figure 4.7. Mathematical modeling. (A) Schematic of the mathematical model. The
total force, F, acting on centrosomes is a function of Forces A, B and C (see text for
descriptions). (B) Force versus intercentrosomal distance given by the model with a
realistic chromosomal distribution at the spindle midplane (see Figure 4.8B) for L = 2; A
= 1; C = 0.03 for uninhibited, co-inhibited (Eq. 4 in Appendix A, solid curve, B = 0) and
Eg5-inhibited (Eq. 5 in Appendix A, dashed curve, B = 2) cells.
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Figure 4.8. Interpolar overlap, force calculations and simulations. (A) Schematic
illustrating how interpolar microtubule overlap was calculated. (B) N = 38 chromosomes
are distributed randomly and uniformly over the disc of width 2µm and radius 3.5µm in
the spindle midplane. (C and D) Simulations allowing centrosome and chromosome
mobility in response to forces between them. (C) Snapshots from simulated movements
with proximal centrosomes far from one another. Top (initial configuration), bottom left
(final configuration in uninhibited cells released from nocodazole, N), bottom right (final
configuration in Eg5-inhibited cells released from nocodazole, NM). Note the difference
in the chromosomal distribution in the bottom right image; here, inward pulling by
interpolar microtubules push the chromosomes outward from the equator. (D) Same as
C, except with proximal centrosomes close to one another. In uninhibited cells (bottom
left), the centrosomes separate, albeit to a slightly less degree than from the greater initial
separation, while in the Eg5-inhibited case (bottom right), the centrosomes collapse and
are surrounded by a symmetric radial chromosomal distribution. (E) Schematic
illustration of the ‘barrel’-like spindle. Arrows show microtubule flux.
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Table 4.1. Average centrosomal and acentrosomal spindle lengths following
nocodazole washout
Centrosomal spindle length (µm)

Acentrosomal spindle length
(µm)

Control

10 ± 2

7±1

Monastrol

11 ± 2

6±2

Monastrol and p150-CC1

12 ± 2

6 ± N/A
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Table 4.2. Mathematical model parameters and variables
Model Parameters
Notation

Meaning

Value

N

Number of chromosomes

38a

L

Average MT length

2 - 6µmb

A

Maximal chromosome arm force

25pNc

C

Kinetochore tension force

1 - 20pNc

Beg5

Eg5-generated outward force at MT overlap

~100pN/µmc

Bdyn

Dynein-generated inward force at MT overlap

~100pN/µmc

D

Inter-chromosomal repulsion

~50pNb

zrep

Distance at which chromosomes repel each other

~2µmb

ζcent

Effective centrosome drag coefficient

~2500pN×sec/µmc

ζchr

Effective chromosome drag coefficient

~250pN×sec/µmc

Model Variables

! !
x,y
!
zi , i = 1...N

Coordinates of the centrosomes
Coordinates of the chromosomes

Quantitative Observations Used to Calibrate the Model Parameters
R

Distance between chromosomes and collapsed centrosomes

~7µm

Lu

Spindle length in an uninhibited cell

~11µm

Leg5

Spindle length in an Eg5-inhibited cell

~11µm

Lthr
Lco
τ

Threshold length beneath which the spindle collapses in an Eg5inhibited cell
Spindle length in a co-inhibited cell
Time of characteristic centrosome movement (by a few
microns)

Values were adetermined from experiment, bassumed or cestimated.
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~5.5µm
~11µm
~100sec

CHAPTER 5

KNOCKDOWN/RESCUE WITH BACTERIAL ARTIFICIAL CHROMOSOMES

Introduction
Aurora A is a cell cycle-regulated mitotic kinase (Kimura et al., 1997) whose
inhibition in a variety of animal cells leads to defects in centrosome separation (Glover et
al., 1995; Roghi et al., 1998; Marumoto et al., 2003; Cowley et al., 2009). Because this
phenotype mimics the Eg5 inhibition phenotype, and because Aurora A phosphorylates a
serine residue within the Xenopus Eg5 stalk domain (Giet et al., 1999), I hypothesize that
Aurora A-mediated phosphorylation of Eg5 is required for downstream motor activity.
To test this in living LLC-Pk1 cells, it will be necessary to knockdown endogenous Eg5
while simultaneously expressing an RNAi-insensitive Eg5 phosphorylation mutant.
Proper interpretation of a given phenotype, however, will first require demonstrating that
a wild-type Eg5 construct can rescue the RNAi phenotype. Such knockdown/rescue
experiments are complicated by the fact that conventional cDNA-based plasmids do not
contain any noncoding regulatory information and are driven by non-native promoters
that often lead to overexpression. To overcome these deficiencies, I have generated a
GFP-tagged Eg5 bacterial artificial chromosome (BAC), which contains Eg5 situated
within its native genomic environment. The transgenic nature of this BAC lends itself to
natural RNAi-insensitivity (i.e., RNAi can be designed that target the endogenous pig
Eg5, but leave the exogenous mouse Eg5 unaffected).
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Results
Modification of an Eg5 BAC by Recombineering
Due to the large size of the Eg5 BAC (~180kb), and the consequential absence of
unique (and appropriately positioned) restriction sites, standard cut-and-paste molecular
biology is not applicable to routine modifications, such as GFP tagging. An alternative
method, known as recombineering (reviewed in Copeland et al., 2001), circumvents this
problem. Recombineering (i.e., recombinogenic engineering) relies on homologous
recombination to modify large pieces of DNA (e.g., BACs) within bacteria (Muyrers et
al., 1999). To accomplish this, the bacterial host strain (DH10B), which is incapable of
recombination, must be made recombination competent by introducing a vector
(pRedET) that codes for three bacteriophage lambda proteins: the 5`-3` double stranded
DNA exonuclease, Redα (Carter and Redding, 1971); the single stranded DNA binding
protein Redβ, (Takahashi and Kobayashi, 1990) and the RecBCD exonuclease inhibitor,
Gam (Murphy, 1991). In the presence of this vector, a PCR product of choice
(introduced via electroporation) will undergo homologous recombination with the BAC,
given that the amplification reaction included ~50bp of flanking sequence that share
perfect homology with the site on the BAC to be modified (Zhang et al., 1998) (Figure
5.1).
To add a C-terminal GFP tag to the Eg5 BAC, I first obtained a vector containing
a LAP (localization and affinity purification) cassette (Cheeseman and Desai, 2005; Poser
et al., 2008). This cassette contains (from 5`-3`) a TEV protease site, an S-peptide
fragment, a PreScission protease site and an EGFP tag (Figure 5.2). This arrangement
allows for a two-step purification of the tagged protein (Cheeseman and Desai, 2005),
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with the final product lacking the LAP tag. I PCR amplified this vector with primers
containing 50bp of homology to regions immediately upstream and downstream of the
Eg5 stop codon (Figure 5.2). Electroporation of this PCR product into recombinationcompetent bacteria harboring the Eg5 BAC resulted in efficient BAC modification (8 of
12 clones were properly modified), as determined by PCR analysis (Figure 5.3). These
results confirm that the Eg5 BAC was successfully LAP-tagged and in general, indicate
that recombineering technology will be a practical option for more intricate BAC
alternations (e.g., point mutagenesis).

Establishment of a Permanent Cell Line Expressing the Eg5-LAP BAC
In order to perform a knockdown/rescue experiment, there are two requisite
transfections into LLC-Pk1 cells: (1) introduction of the BAC and (2) introduction of the
RNAi. In order to temporally separate these transfections (and thereby avoid potential
timing issues), I have first introduced the Eg5-LAP BAC. Cells imaged 24hrs posttransfection indicate a high degree of transfection efficiency, as nearly every cell imaged
was positive for GFP fluorescence. Importantly, mitotic cells localize Eg5 as previously
described (Blangy et al., 1995) (Figure 5.4), except that clear astral microtubule staining
is additionally apparent. To isolate single clones for permanent cell lines, transfected
cells were subjected to 2 weeks of positive selection in the presence of G418. Following
this period of selection, drug-resistant cells were seeded at a dilution sufficient to ensure
that single cells would be well separated. Within ~10-14 days, colonies (visible by eye)
were isolated and analyzed for expression of the Eg5-LAP BAC.
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Discussion
Utility of Recombineering
My results demonstrate that, in my hands, homologous recombination of the Eg5
BAC with a PCR-based DNA fragment is an efficient means to modify large pieces of
DNA. Indeed, I have already succeeded in LAP tagging two additional BACs: dynein
and TPX2. Though the point mutagenesis required to create an Aurora A
phosphorylation mutant is more complicated (as it involves both positive and negative
selection in order to create a seamless mutation), the principles required to do so are
identical to those already being utilized.

Utility of the Eg5 BAC
Given the establishment of a cell line containing the Eg5-LAP BAC, I am now in
a position to treat these cells with an RNAi construct specific for endogenous Eg5 and
assay for rescue. Since a precedent for knockdown/rescue utilizing a BAC already exists
(Bird and Hyman, 2008), this initial experiment will likely serve as a baseline against
which all subsequent Eg5 experiments will be compared. While such future experiments
certainly involve the ability of Aurora A phosphorylation mutant constructs to rescue the
Eg5 RNAi phenotype, Cdk1 phosphorylation mutant constructs will also be valuable
tools, as this kinase is additionally known to phosphorylate Eg5 (Blangy et al, 1995;
Sawin and Mitchison, 1995; Giet et al., 1999).
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Materials and Methods
Materials
All materials for cell culture were obtained from Sigma-Aldrich (St. Louis, MO)
with the exception of Opti-MEM, which was obtained from Invitrogen (Carlsbad, CA)
and fetal bovine serum, which was obtained from Atlanta Biologicals (Norcross, GA).
Unless otherwise noted, all other chemicals were obtained from Sigma-Aldrich (St.
Louis, MO). For BAC cloning procedures, LB plates and media were prepared with
chloramphenicol (Cm) at 15µg/mL, tetracycline (Tc) at 3µg/mL and/or kanamycin (Kan)
at 15µg/mL.

Cell Culture
Parental LLC-Pk1 cells, as well as LLC-Pk1 cells expressing the Eg5-LAP BAC
were cultured as previously described (Rusan et al., 2001). Cells were plated on glass
coverslips (Corning Inc. Life Sciences, Acton, MA) 2 days prior to imaging. For live
imaging, cells were mounted in chambers containing non-CO2 MEM supplemented with
0.3U/mL Oxyrase (EC Oxyrase, Oxyrase Inc., Mansfield, OH) and were maintained at
~37ºC.

Image Acquisition
Images were acquired using a Nikon Eclipse TE 300 inverted microscope
equipped with a 100x phase, NA 1.4 objective lens, a spinning disk confocal scan head
(Perkin Elmer, Waltham, MA) and a Hamamatsu Orca ER cooled CCD camera
(Hamamatsu, Bridgewater, NJ). All images were taken with a dual wavelength (488/568)
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filter cube. Image acquisition was controlled by Metamorph software (Molecular
Devices, Sunnyvale, CA). Images were acquired using exposure times of 400-800msec
(at 488nm). Z-stacks were acquired at 0.2µm steps using similar exposure times.

Acquisition and Validation of an Eg5 BAC Clone
An Eg5 BAC clone (RP23-117H14) was obtained from the BACPAC Resource
Center at Children’s Hospital Oakland Research Institute (Oakland, CA) as an LB stab
culture. This stab culture was immediately streaked out for single colonies on LB-Cm
upon arrival. To validate the identity of the BAC clone, mini-prepped BAC DNA (see
below) was PCR amplified using primer sets located near the Eg5 stop codon: Eg5Forward 5`-ACACACAGAGAAACCCGGTC-3`; Eg5-Reverse 5`-CACAGCAGTCCCC
TTTTCAT-3`.

BAC Mini-Prep
6mL LB-Cm cultures were prepared from single RP23-117H14 colonies and
incubated overnight at 37ºC with shaking at 240rpm in an Infors-HT Multitron (ATR
Inc., Laurel, MD). Cultures were centrifuged in a Mini Spin Plus (Eppendorf, Westbury,
NY) at 5,000rpm for 5min at 4ºC, the supernatant was removed and the pellets were
resuspended in 250µL buffer P1 (Qiagen, Valencia, CA). These resuspended pellets were
transferred to Eppendorf tubes, lysed with 250µL buffer P2 (Qiagen, Valencia, CA),
inverted 6-8 times to mix and incubated at room temperature for < 5min. Lysates were
neutralized with 250µL buffer P3 (Qiagen, Valencia, CA), inverted 6-8 times to mix and
incubated 5min on ice. Lysates were then clarified by two rounds of centrifugation at

78

13,200rpm for 5min at room temperature, transferring the supernatants to new
Eppendorfs each time. DNA was precipitated with 750µL isopropanol, inverted 6-8
times to mix, incubated 10min on ice, then centrifuged at 13,200rpm for 10min at room
temperature. DNA pellets were washed with 150µL 70% ethanol, allowed to dry and
resuspended in 25µL nuclease free water.

Transformation with pRedET
A 1.0mL LB-Cm culture was inoculated with a single RP23-117H14 colony and
incubated overnight at 37ºC with shaking at 240rpm in an Infors-HT Multitron (ATR
Inc., Laurel, MD). The following day, 30µL of overnight culture was used to inoculate
two fresh 1.4mL LB-Cm cultures. These cultures were then incubated at 37ºC for 2-3hrs
with shaking at 240rpm, during which, two 1mm electroporation cuvettes (Fisher
Scientific, Pittsburgh, PA) and sterile water were chilled at 4ºC. Following this
incubation, cells were prepared for electroporation in a 4ºC cold room. Each 1.4mL
culture was centrifuged in a Mini Spin Plus (Eppendorf, Westbury, NY) at 13,200rpm for
30sec. The supernatants were discarded and the pellets were resuspended with 1mL
sterile water. Cultures were then centrifuged and resuspended a second time. Lastly,
cultures were centrifuged a third time, supernatants were discarded and pellets were
resuspended in the ~30µL of remaining volume. To one of these electrocompetent
bacterial suspensions, 1µL of pRedET (Gene Bridges, Heidelberg, Germany) was added;
the second electrocompetent bacterial suspension was kept as a negative control. Both
samples were transferred to 1mm electroporation cuvettes and electroporated using a
MicroPulser (Bio-Rad, Hercules, CA) using setting Ec1. Immediately following
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electroporation, bacterial samples were transferred to 1.5mL Eppendorfs containing 1mL
LB media free of antibiotics. These cultures were incubated at 30ºC for 70min with
shaking at 240rpm and then plated on LB-Cm-Tc and incubated overnight at 30ºC.

PCR Amplification of a LAP Cassette Containing Eg5 Homology Arms
The R6K-Amp-LAP vector was a kind gift of Dr. A. Hyman (Max Planck
Institute of Molecular Cell Biology and Genetics, Dresden, Germany). To amplify the
LAP cassette with Eg5 homology arms out of the R6K-Amp-LAP vector the following
primers were used: Eg5-Forward 5`-ATCTCTCCATCTCCAAGAGCAGACTGCCGCT
TCACACCTCCATAAACCTCGATTATGATATTCCAACTACTG-3`; Eg5-Reverse 5`TGGAGTTTCAGGTTGTATTTTAAAGATGACACCCTAAGCCTCAGATCAGCTCA
GAAGAACTCGTCAAGAAG-3`.

Transformation with the LAP Cassette Containing Eg5 Homology Arms
A 1.0mL LB-Cm-Tc culture was inoculated with a single RP23-117H14 /
pRedET colony and incubated overnight at 30ºC with shaking at 240rpm in an Infors-HT
Multitron (ATR Inc., Laurel, MD). The following day, 30µL of overnight culture was
used to inoculate six fresh 1.4mL LB-Cm-Tc cultures. These cultures were then
incubated at 30ºC with shaking at 240rpm until an OD600 of ~0.3 was reached (four of the
cultures were used to periodically monitor the optical density). Two 1mm
electroporation cuvettes (Fisher Scientific, Pittsburgh, PA) and sterile water were chilled
at 4ºC during this incubation, immediately after which 50µL 10% L-arabinose (used to
induce expression of genes required or homologous recombination) was added to one
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culture; the remaining culture was left as an uninduced negative control. Both cultures
were then incubated at 37ºC for 1hr with shaking at 240rpm. Following this incubation,
cells were prepared for electroporation in a 4ºC cold room. Each 1.4mL culture was
centrifuged in a Mini Spin Plus (Eppendorf, Westbury, NY) at 13,200rpm for 30sec. The
supernatants were discarded and the pellets were resuspended with 1mL sterile water.
Cultures were then centrifuged and resuspended a second time. Lastly, cultures were
centrifuged a third time, supernatants were discarded and pellets were resuspended in the
~30µL of remaining volume. To both electrocompetent bacterial suspensions, 0.5-2.0µL
of PCR product (directly from the cycler) was added. Both samples were transferred to
1mm electroporation cuvettes and electroporated using a MicroPulser (Bio-Rad,
Hercules, CA) using setting Ec1. Immediately following electroporation, bacterial
samples were transferred to 1.5mL Eppendorfs containing 1mL LB media free of
antibiotics. These cultures were incubated at 37ºC for 70min with shaking at 240rpm and
then plated on LB-Cm-Kan and incubated overnight at 30ºC. To validate that the BAC
had successfully been LAP-tagged, mini-prepped BAC DNA (prepared from single
colonies on the LB-Cm-Kan plates) was PCR amplified using primer sets located near the
Eg5 stop codon: Eg5-Forward 5`-ACACACAGAGAAACCCGGTC-3`; Eg5-Reverse 5`CACAGCAGTCCCCTTTTCAT-3`.

PCR
Amplifications were run using KOD Hot Start DNA polymerase (Novagen,
Gibbstown, NJ) according to manufacturer’s protocol, except that annealing occurred at

81

60ºC, extension was carried out for 5sec (for BAC validation) or 50sec (for LAP
amplification), and a total of 30-35 cycles were run.

BAC Transfection
LLC-Pk1 cells were plated onto glass coverslips (Corning Inc. Life Sciences,
Corning, NY) ~24hrs prior to transfection at a density of 2.0 x 105. 0.5-2.0µg BAC
DNA, purified using the Nucleobond BAC 100 Purification Kit (Clontech, Mountain
View, CA), was introduced using the Effectene transfection reagent (Qiagen, Valencia,
CA) at a 1:10 or 1:25 DNA to Effectene ratio.

82

Figure 5.1. Diagram of the BAC modification strategy. Once bacteria harboring the
BAC are made recombination competent by electroporation with pRedET, a linear PCR
product can be introduced into these cells, where homologous recombination will
incorporate the product into the BAC.
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Figure 5.2. Description of the LAP cassette and the homologous recombination
reaction. The Eg5 portion (in blue) of the RP23-117H14 BAC ends with a TAG stop
codon. 50bp of sequence immediately upstream and downstream (in gray) of this stop
codon was chosen as flanking sites for the LAP cassette (in red) PCR reaction.
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Figure 5.3. Eg5-LAP PCR validation. (A) The primers used to initially validate the
RP23-117H14 BAC clone result in an ~450bp product. After insertion of the LAP tag,
however, the expected product becomes ~2800bp. (B) DNA from potentially LAPmodified clones was mini-prepped and PCR amplified. Lanes 1, 3, 6-8, and 12-14 yield
the correct PCR product, while lanes 2, 4, 9 and 11 appear to be a mixture of modified
and unmodified clones. Lanes 5 and 10 are DNA ladders.
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Figure 5.4. Eg5-LAP localization in mitotic LLC-Pk1 cells. Eg5-LAP BAC DNA was
purified and transfected into LLC-Pk1 cells. Eg5 correctly localizes to centrosomes and
microtubules during prophase, metaphase and anaphase, although the astral microtubule
localization at metaphase is novel. The prophase inset is a single plane confirming that
Eg5 is excluded from the nucleus.
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APPENDIX

MATHEMATICAL MODEL
(Prepared in collaboration with Alex Mogilner)

Force Balance with Steady Chromosomal Configuration
The parameters and variables of the model can be found in Table S1. We assume
that microtubules nucleated at centrosomes display an exponential length distribution in
accordance with a simple phenomenological model of dynamic instability (Dogterom and
Leibler, 1993): N (l ) " e ! l / L , where L is the average microtubule length. Placing the
centrosomes at ± x , we can count the antiparallel microtubule numbers overlapping at
distance s from the spindle equator (Figure 4.8A). To overlap, microtubules from the
right and left have to be longer than l = x ! s and l = s ! (! x) = s + x , respectively. The
probability of such overlapping microtubules is proportional to e !(x ! s )/ L " e !(x + s )/ L and the
total overlap length is proportional to the integral over the spindle length:

#

x

!x

x

e !(x ! s )/ L " e !(x + s )/ L ds = e !2 x / L # ds = 2 xe !2 x / L . The corresponding motor force on
!x

overlapping microtubules is !2 Bxe !2 x / L , where B is the net force (its positive sign
corresponds to the inward force) that takes into account both inward (dynein-generated,
Bdyn ) and outward (Eg5-generated, Beg 5 ) forces: B = Bdyn ! Beg 5 . Assuming that dynein

motors are localized at or near the microtubule plus ends (not along the whole overlap
length) re-scales the constant B but does not change the functional dependence of the
integral on x.
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Calculating the distance-dependence of the chromosome arm force is even
simpler. The maximal force, A, when the centrosome is immediately opposite to the
chromosome should decrease with distance as the number of microtubules longer than
this distance: Ae ! x / L . Assuming for simplicity that there is a functional kinetochore fiber
with motors at the kinetochore generating a force-independent tension, C, the total force
on the centrosomes symmetrically placed at distance x around a single chromosome has
the form:

F (x ) = Ae ! x / L ! 2 Bxe !2 x / L ! C

(Eq. 1)

Eq. 1 has to be generalized to account for the interactions of centrosomes with
multiple chromosomes. The images shown in Figure 3.2 suggest that chromosomes
distribute within a disc at the spindle midplane. Thus, we used a random number
generator to spread N = 38 chromosomes uniformly and randomly inside a cylindrical
disc of width equal to 2µm and radius equal to 3.5µm (Figure 4.8B; average interchromosomal distance for such packing is ~2µm). Assuming additive action of the
chromosomes, the total force on the centrosomes symmetrically placed at distance x
around the spindle equator is:

N " x ! xj
Fcent (x ) = !2 Bxe !2 x / L + ( j =1 $
A exp (! R j / L )! C
$& R j

(
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=

(x ! x ) + r
2

j

2
j

(Eq. 2)

This is the x-component of the force; on average, the component of the force normal to
the spindle axis is negligible. We used Eq. 2 to plot the force-distance relationship in
Figure 4.7B. Note that in such a chromosomal configuration, where most of the
chromosomes are not exactly at the pole-pole axis, the repulsive forces from the
chromosome arms do not effectively push the centrosomes in the x-direction when
centrosomes approach the equator: these repulsive forces become almost perpendicular to
the pole-pole axis. This is the reason for the force on the centrosome dropping almost to
zero when x decreases.

Calibrating the Model Parameters
The orders of magnitude of the model parameters can be approximated based on
the following considerations. Indirect estimates based, for example, on Grill et al. (2003)
and Mastronarde et al. (1993), but in fact on the vast number of guesses in the literature,
suggest that there are of the order of hundred(s) of microtubules per centrosome.
Assuming that a maximum of ~5 microtubules reaches for each chromosomal arm
(adding up to 150-200 microtubules), and that the microtubule pushing force is ~5pN
(Dogterom and Yurke, 1997; Cytrynbaum et al., 2003; Wollman et al., 2008), we
estimate that the maximal chromosome arm force A = 25pN. Based on measured and
estimated microtubule dynamic instability parameters (Rusan et al., 2002; Wollman et al.,
2005; Cheerambathur et al., 2007), the average microtubule length is of the order of a few
microns.
When L = 2.5µm, the model predicts that about 15% of the microtubules can
reach the spindle equator and overlap, so we can assume that on the order of 10 pairs of
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interpolar microtubules overlap at the spindle equator. EM data (Sharp et al., 1999a)
agree with this estimate. Assuming that a few motors of each kind act on one micron of
the overlap, and that each motor generates pN-range force (Yang et al., 2007a), we
estimate roughly 25pN/µm force per unit length at the interpolar microtubule overlap.
Assuming that ~10 pairs of interpolar microtubules overlap at the spindle equator, we
estimate maximal parameter B as 250pN/µm. In fact, it is a sum of the Eg5-generated
outward motor force, Beg 5 , the dynein-generated inward motor force, Bdyn , and possible
additional inward motor force (e.g., kinesin-14 motors), each of which is thus
~100pN/µm.
More precisely, the force-related model parameters can be calibrated using
quantitative restrictions from the observations. First, when centrosomes are collapsed,
chromosomes arrange themselves roughly on a surface of a sphere of radius R ~7µm
around the collapsed centrosomes. When N = 38, chromosomes are uniformly radially
distributed, the average distance between two adjacent chromosomes is ~
4! R 2 / 3 N ~ 2 R / N ~ 2 µm, and the inter-chromosome interactions can be neglected

(see below). The condition of the balance between the repulsive chromosomal arm force
and the attractive kinetochore force per chromosome is A exp (! R / L ) ! C = 0 , thus:

C = A exp (! R / L )

(Eq. 3)

Using parameter A = 5 (one unit of force was 25pN, so A = 5 corresponds to A = 125pN),
R = 7µm and C = A exp (! R / L ) , we used the following formula derived from Eq. 2 to

90

plot the force-density relation (Figure 4.7B) in the case of both uninhibited and coinhibited (Eg5- and dynein-inhibited) cells, when parameter B = 0:

"
N ! x # xj
Fcent (x ) = ( j =1 $
A exp (# R j / L )# A exp (# R / L ) %, R j =
%'
&$ R j

(

)

(x # x ) + r
2

j

2
j

(Eq. 4)

The results, remarkably robust with respect to varying the average microtubule length L,
give the average stable spindle length ~10.8 ± 0.3µm, agreeing very well with the
experimental data (Table 1).
A simple reason that the predicted spindle length is less than the 14µm (2R) that
would be expected if all chromosomes are exactly at the middle of the pole-pole axis is
that the chromosomes are spread in the midplane, so the effective repulsion from the
more distal chromosomes is smaller. Note that some randomness is introduced due to the
random localization of the individual chromosomes at the midplane. However, because
many chromosomes are packed together, this randomness is small, and the stability of the
single spindle steady state never changes. The stable spindle length goes up (or down) if
the chromosomes are spread more widely along (or perpendicular to) the spindle axis, but
this effect is relatively small. However, this effect can nicely explain the slight (11 to
12µm) elongation of the co-inhibited spindle compared to the uninhibited one: note
respective widening of the chromosomal ‘cloud’ along the spindle axis in Figure 3.2.
In the Eg5-inhibited cell, B = Bdyn > 0 , and the spindle has the following
bistability property: if the initial intercentrosomal distance is below ~5.5µm, the
centrosomes collapse together, while if the initial intercentrosomal distance is above
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~5.5µm, the centrosomes separate to the stable spindle length of ~11µm (Table 1). We
used the equation:

#
N " x ! xj
Fcent (x ) = !2 Bdyn xe !2 x / L + ( j =1 $
A exp (! R j / L )! A exp (! R / L ) %, R j =
%'
&$ R j

(

)

(x ! x ) + r
2

j

(Eq. 5)

to plot the force-density relation (Figure 4.7B) and found that for reasonable values of L,
we could find a range of values of Bdyn for which the bistability property is captured (e.g.,
for L = 2, Bdyn = 2.5; L = 3, Bdyn = 1.5; L = 4, Bdyn = 1 ). We found that for these parameter
values (we also widened the chromosomal ‘cloud’ along the spindle axis from 2µm to
4µm), Eq. 5 predicts the correct stable spindle length and the threshold length beneath
which the spindle collapses (~5µm), only slightly lower than that observed (~5.5µm).
Finally, the model predicts that for the dynein-inhibited cell (Eq. 5 has to be used with
Beq = ! Bdyn instead of Bdyn ), the stable spindle length is again ~11µm.

Mobile Chromosomes
When we tested the net forces on the centrosomes in the directions perpendicular
to the pole-pole axis, it became clear that the centrosomes could actually be destabilized
by lateral displacements. This indicates that centrosomes and chromosomes both must be
mobile during computer simulations in order to predict possible stable spindle
configurations (Figures 4.8C and 4.8D); however, this makes mathematical analysis
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2
j

forbidding, and we resorted to solving equations of movements numerically. Eq. 2 can
be re-written as follows:

! y! # z! j
N
!
! !
! !
! !
Fcent (x ) = B ( y # x )exp (# y # x / L )+ ( j =1 $ ! ! A exp # y # z j / L # C
$& y # z j

(

"

) )%%

(

(Eq. 6)

'

!
!
!
where x and y are the coordinates of two centrosomes in space, and z j is the position of
the j-th chromosome. To simulate chromosomal movements, we introduced interchromosomal interactions assuming that the force between a pair of chromosomes has the
form:

! z!i # z! j
N
!
! ! "
Fchr (zi ) = ) j =1 % ! ! $ zi # z j &
%' zi # z j
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! !
! !
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# ! !i A exp (# y # zi / L )# C # ! !i A exp (# x # zi / L )# C
y # zi
x # zi

(

(

)

)

(

(Eq. 7)

)

Here, the two last terms describe the force between the i-th chromosome and the
centrosomes, while the sum is responsible for the pair-wise inter-chromosomal repulsion
(both steric and mediated by the microtubules and motors):

!# D (zrep " zij ) zij < zrep
$ (zij )= %
,
0,
zij > zrep
#&

(Eq. 8)
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so that the chromosomes do not interact beyond a certain distance zrep , and the repulsion
linearly grows to a certain force D as the inter-chromosomal distance decreases.
We describe the movements of the centrosomes and chromosomes with usual
mechanics equations in the over-damped regime within the cell (Cytrynbaum et al., 2003;
Wollman et al., 2008):

!
!
!
dx
1
1
1
! dy
! dzi
!
=
Fcent (x ), =
Fcent ( y ),
=
Fchr (zi )
dt ! cent
dt ! cent
dt ! chr

(Eq. 9)

so that the velocities of the centrosomes and chromosomes are proportional to respective
forces divided by the effective drag coefficients.
We assume that chromosomes repel each other when they are closer than zrep =
2µm (about their size) from each other, and that their maximal repulsion D is 50pN (tens
of pN is the characteristic magnitude of the spindle forces (Cytrynbaum et al., 2003;
Wollman et al., 2008). Changing these two parameters by an order of magnitude either
way does not alter the predicted behavior. Near equilibrium, the force restoring the stable
pole-pole separation has the linear spring-like behavior (Figure 4.7B):
F ! 50 pN " (# s / 2 µ m ) , where s is the displacement from the equilibrium. Solving the

equation of motion near the equilibrium: ds / dt = F / ! cent , we obtain s " exp (#t / ! ) and
calculate the relaxation time ! = " cent # 2 µ m / 50 pN . Our observations of the rate of the
spindle length change near the equilibrium suggest that the characteristic relaxation time
is ! ~ 100sec , which gives the estimate for the centrosome drag coefficient:

! cent ~ 2500 pN " sec/ µ m . Assuming that because of the smaller size of the chromosome,
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its drag coefficient is 10 times smaller than that of the centrosomal microtubule aster
(Cytrynbaum et al., 2003; Wollman et al., 2008), we estimate ! chr ~ 250 pN " sec/ µ m .
These estimates are higher, but of the same order of magnitude as those made for the
Drosophila spindles (Cytrynbaum et al., 2003; Wollman et al., 2008). Interestingly, we
found that chromosomes actually do have to be much more mobile (less resistant to
force) than the centrosomes in order for the simulations to predict non-collapse of wellseparated centrosomes in Eg5-inhibited cells. Otherwise, the centrosomes collapse
before chromosomes converge to the spindle equator and generate enough repulsion.
We solved Eqs. 6-9 numerically in 2D with parameters L = 4-6µm,

A = 1, C = 0.06, Beg 5 = Bdyn = 0.7 ! 1 and obtained the behavior semi-quantitatively
mimicking the observations (Figure 4.8C and 4.8D) and agreeing with the predictions of
the simplified force-distance calculations with the immobile chromosomes.

Model Limitations and Simplifications
Our model makes a number of significant simplifications: (i) we assume that all
kinetochore fibers and interpolar microtubule bundles are assembled at once, while in
reality this process takes time, during which the centrosomes and chromosomes start to
move; (ii) we neglect the geometric effects of chromosomes ‘screening’ each other out
(in fact, clearly, not all chromosomes interact with the centrosomes equally); (iii) we
assume that microtubule dynamics are fast, and so are in quasi-equilibrium with current
centrosomes’ and chromosomes’ positions; (iv) we neglect stochastic fluctuations of
forces due to significant randomness of the relatively small microtubule number; (v) it is
not clear whether kinetochore fiber tension is length-independent; (vi) there are likely
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deviations from the exponential microtubule length distribution, and we ignore the
geometric effect of the microtubule density decrease in 3D; (vii) we simulate the
movements in 2D, because in 3D the numerical simulations become too time-consuming;
and (viii) we include only active, force generating motor proteins at the microtubule
overlap, not passive crosslinking proteins.
These limitations do not change the model’s conclusions qualitatively. A number
of simulations (not systematic ones) showed that changing assumptions i, ii, v, vii and
viii do not change qualitative model predictions. Likewise, spreading the microtubule
bundle assembly in time, prohibiting some chromosomes in the middle from interacting
with centrosomes, assuming that the kinetochore fiber tension is spring-like, trying
different microtubule length distributions (i.e., piece-wise linear), adding viscous-like
‘protein friction’ generated by passive crosslinkers at the microtubule overlap and
allowing centrosomes to move in 3D (keeping fixed ‘spherical cloud-like’ 3D
chromosomal arrays) did not make a qualitative difference for the stability conditions of
the centrosomal separation. Assumption (iii) is supported by the argument that the
characteristic time for the microtubule dynamic cycle, ~25sec, estimated as the
characteristic microtubule length (~5µm) divided by the growth/shrinkage rate
(~0.2µm/sec; Rusan et al., 2002), is much shorter than the characteristic time of the
spindle dynamics that is in a few minutes range. We discuss how the results could
change if assumption (vi) is altered below. Finally, our previous experience with
introducing stochastic dynamics (Cytrynbaum et al., 2003; Wollman et al., 2005;
Wollman et al., 2008) suggests that though it can significantly change the transient
behavior, it is unlikely to alter the stability of the steady states qualitatively.
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Mathematical Argument for Dynein Acting at Interpolar Microtubule Overlap
The model has to account for the observation that when Eg5 is inhibited, the
spindle is bistable. Assuming in this case that the dominant forces acting on the
centrosomes are kinetochore microtubule tension (Force C), effective repulsion through
microtubules interacting with chromosomal arms (Force A), and force generated by
dynein motors on chromosome-associated structures interacting with centrosomal
microtubules, the force on the centrosomes as a function of the spindle pole-equator
distance x has the form: F (x ) = Af (x ) ! Bdyn f (x ) ! C , where f (x ) is the distance
dependence of the force, which in our case is proportional to the number of centrosomal
microtubules reaching the chromosomal arms. But if dynein is on the chromosomeassociated structures, then a proportional number of microtubules would reach for these
dynein motors (and generate attraction) and for either chromokinesins, or simply
chromosome arms (and generate repulsion), so the f (x ) factor is the same for the
repulsive and dynein forces. Thus, F (x ) = (A ! Bdyn ) f (x ) ! C , and the only way such
force-distance dependence can account for the bistability is if function f (x ) has a
maximum at a finite distance x. This is highly unlikely, as the number of microtubules
that can reach from the centrosome to the chromosomes surely increases when the
centrosome-chromosome distance decreases. One can imagine that the repulsive force is
not microtubule-number limited, but rather motor(chromokinesin)-number limited, in
which case the bistability can be achieved without Eg5 and with dynein on the
chromosomes. This is unlikely though because of the polymerization force, which has to
be microtubule-number limited. Thus, it is unlikely that the data can be explained based
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on the force-balance model without dynein acting from the interpolar microtubule
overlaps.

Effects of Various Microtubule Length and Overlap Distributions
We assume that the overlapping interpolar microtubules are scarce, even for the
majority population of microtubules from the proximal pole, and so the probability of the
encounter of two microtubules of opposite polarity is proportional to the product of the
densities, rather than to the minority density from the distal pole. One argument for this
assumption is that if the average microtubule length is significantly smaller than the
spindle length, then near the equator the microtubule numbers are small enough. Besides,
EM data (Sharp et al., 1999a) shows that the overlapping microtubule bundles are not
noticed far from the equator, and at the equator they consist of rarified bundles consisting
of 2-4 microtubules. All this said, it is indeed possible that if the microtubule populations
are great, then the overlapping density is proportional to that of just minority population.
In that case, we cannot have bistability providing exponential decrease of the
chromosomal microtubule lengths. Indeed, it is easy to compute that if the overlap is

{

}

proportional to G (x, s ) = min e !(x ! s )/ L , e !(x + s )/ L , then the total overlap length is
proportional to the integral over the spindle length:

"

x

!x

G ( x, s )ds ~ Le ! x / L (1 ! e ! x / L ). This

function decreases exponentially with approximately the same speed as the effective
centrosomal-chromosomal repulsion ~ e ! x / L , and under these conditions the bistability is
impossible. However, if the chromosomal microtubules are much longer than the
interpolar microtubules, then the effective centrosomal-chromosomal repulsion ~ 1/ x 2 .
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In that case, the force-distance dependence has the form: F (x ) = A / x 2 ! Be ! x / L ! C , and
the bistability is possible. The general necessary condition for the spindle bistability is
that the distance dependence of the effective repulsive centrosomal-chromosomal forces
is different from that of the overlap length, so that the overlap distance-dependence
function decreases faster than the effective repulsion at large distances, but can be greater
than the repulsion at moderate distances.
It is also possible that the microtubule length distribution is not exponential. In
fact, short microtubule depletion in the spindle was observed (Yang et al., 2007a). This
property does not change the model conclusion: the reason is that the key feature
guaranteeing the bistability is that the overlapping interpolar microtubule density
decreases faster than the density of the astral/chromosomal microtubules, which is the
property of the longer microtubules in the populations. Indeed, the microtubule length
distribution observed in Yang et al. (2007) can be approximated by the function

~ (e ! x / L ! e ! x / l ), where L > l . In this case, the overlap is proportional to

(

)(

)

G (x, s ) = e !(x ! s )/ L ! e !(x ! s )/ l " e !(x + s )/ L ! e !(x + s )/ l , then the total overlap length is

proportional to the integral over the spindle length:
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the function F (x ) = Ae ! x / L ! BH (x ) ! C has one stable zero for negative and small
positive values of B, and also predicts the bistable spindle property for moderate positive
values of B.
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Other Possible Force-Generating Motors
Kinesin-14 (Ncd) motors, as noted in the text, can also contribute to the force
generation at the antiparallel microtubule overlaps (Cytrynbaum et al., 2003; Wollman et
al., 2008). This does not change the model predictions: adding such motors would add
one additional parameter ( Bncd ) to the net force density parameter B = Bdyn + Bncd ! Beg 5 .
Fitting the data with one additional parameter becomes easier, of course. We observed
that we can reasonably fit all observations with B ! 0 and having values of Bdyn , Bncd of the
same order of magnitude.

Effects of Shorter and/or Parallel Overlapping Microtubules
On parallel microtubules, multiple dynein motors would probably bind in such a
way that about half of the motors have their binding domain on one microtubule and
motor domain pulling on another, and another half in the opposite order. Both subpopulations would pull toward their respective minus ends thus generating forces in the
opposite directions. As a result, these two motors’ sub-populations cancel each other’s
forces, effectively just crosslinking the microtubules and not generating any significant
sliding force. The Eg5 motors, with motor domains on both ends, would simply ‘walk’ to
the parallel plus ends. These motors would not generate any force if there is no relative
sliding of the crosslinked pair of microtubules. If there is such sliding, the motors on the
parallel microtubules would exert an ‘anti-shearing’ force trying to stop the sliding (and
so will dynein motors).
If many parallel and antiparallel microtubules are densely crosslinked by various
motors, then these anti-shearing forces effectively ‘lock’ the parallel microtubules
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together (Zemel and Mogilner, 2009). In this case our model holds, as far as the
distribution of microtubule length density decreases monotonically from the poles to the
equator of the spindle, and other assumptions about the overlap lengths and effective
repulsive forces are valid. Finally, if the spindle is organized in a ‘barrel’-like fashion
(Figure 4.8E; Yang et al., 2008), then force balance calculations reported in BrustMascher et al. (2004) predict that the parallel microtubule overlaps closer to the poles
result in minus ends of the antiparallel microtubules at the equator sliding outward
toward respective poles. This microtubule flux partially (up to a few tens of percent)
dampens the forces generated by the motors at the antiparallel microtubule overlaps at the
equator, but does not change the distance dependence of the forces in Eq. 1, and so all
model conclusions remain valid.
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